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ABSTRACT
The aim of this thesis is to investigate the relationship between synthesis 
conditions, structure and dielectric properties of four inherently disordered, Bi-based, 
pyrochlore dielectric ceramic systems, an analogous non-Bi based pyrochlore 
ceramic and a perovskite related ceramic system.
Two ‘misplaced displacive’, Bi-based cubic pyrochlore phases found in the 
Bi203-A/110 -Nb205 (M = Mg2 and Ni2 ) systems, namely 
(Bii.667Mgo.220o.ii)(Mgo.48Nbi.52)0 ? (BMN) and (Bii.667Nio.250o.o8)(Nio.5oNb].5)07 
(BNN), cubic pyrochlores have been synthesised and their average structures and 
promising dielectric properties determined. The 0 '^ 2  tetrahedral sub-structures of 
both pyrochlores are heavily disordered with metal ion vacancies on the pyrochlore 
A site. A highly structured diffuse intensity distribution apparent in electron 
diffraction data is shown to arise from essentially independent /?-cristobalite-like 
tetrahedral edge rotation and associated translation of the positively charged O'Aj 
tetrahedral sub-structure relative to the octahedral sub-structure thus giving rise 
to local 1-d polar nano-regions (PNRs). Both BMN and BNN exhibit characteristic 
low temperature dielectric relaxation behaviour.
In addition, two A site stoichiometric, Bi2lnNbÜ7 (BIN) and Bi2ScNb0 7  
(BSN), cubic pyrochlores have also been synthesised. The /7-cristobalite like 
displacive disorder and low temperature dielectric relaxation behaviour characteristic 
o f BMN and BNN is also shown to be characteristic of BIN and BSN despite the 
absence of compositional disorder on the pyrochlore A site. The low temperature, 
frequency-dependent peak in the dielectric loss of BIN and BSN is shown not to be a 
conventional phase transition but rather a dynamic freezing or glass-like transition 
involving the slowing down of the 1-d dipolar dynamics of the PNR's.
An analogous non-Bi based, ‘misplaced-displacive’
(Cao.75Tio.25)2(Tio.5oNbo.5o)207 (CNT) cubic pyrochlore has also been synthesised and 
its dielectric properties measured. It is thereby established that the characteristic low
vii
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temperature dielectric relaxation behaviour observed in Bi-based pyrochlores does 
not require the presence of Bi3 on the pyrochlore A site.
Finally, a Cai^Smix^TiCb (CST, 0 < x < ~  0.6) ceramic system has also been 
investigated. The measured dielectric properties were found to vary significantly 
with Sm content. CST samples sintered at 1450 °C for 3 hours in air and oxygen 
were all single phase and quite similar to those reported for the end-member 
compound, CaTi0 3 . Powder XRD as well as electron diffraction patterns of the CST 
samples were entirely consistent with a Puma, V2ap x 2ap x V2ap (subscript p for 
parent perovskite sub-structure) average crystal structure. Electron diffraction and 
HRTEM image analysis suggests short range Ca and Sm ordering, on a scale 
considerably shorter than the scale associated with the essentially long range ordered 
Puma average structure.
viii
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Chapter 1: 
Introduction
This thesis describes the work performed in the search for a deeper 
understanding o f the relationship between dielectric properties and 
structure (both average as well as local) o f some dielectric ceramic 
material systems from both the fundamental materials chemistry, as well 
as materials engineering, points o f view.
This introductory chapter explains the motives underlying the project 
and why the chosen materials for investigation are o f interest. Relevant 
background information on the pyrochlore and CaTiO3-based dielectric 
ceramic systems investigated is also presented.
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1.1 Project Background
Increasingly, complex multi-functional applications such as global positioning 
systems (GPS’s), wireless local area networks (LAN’s) etc. need to be embedded 
into small mobile devices, requiring circuit boards with ever more component parts. 
To meet these commercial requirements, it is increasingly necessary to miniaturise 
these component parts so as to maintain or even decrease overall size and reduce the 
cost of such electronic devices [1-4]. To achieve miniaturisation, ceramic resonators 
and filters with high dielectric constants and low dielectric losses are typically 
embedded into printed circuit boards made mainly with low-cost epoxy resin. The 
global market for these types of ceramic materials was US S8.3 billion in 2008 [5] 
and is projected to continue to increase dramatically to reach $11.4 billion by 2015 
[6],
The applications and usefulness of dielectric ceramics as resonators and filters 
for wireless communications comes from their relatively high permittivities 
(enabling miniaturisation), low dielectric losses i.e. high quality factors Q (enabling 
sharper signals, narrower bandwidths and lower insertion losses) and low 
temperature coefficients of resonant frequency (thereby minimising temperature- 
dependent frequency drift) [1-4]. The simultaneous optimisation of all three 
desirable parameters is quite a challenge. Indeed, some authors have declared that 
the three desirable properties described above are, in general, mutually exclusive [7]. 
Those materials with high dielectric permittivity, for example, often also have high 
temperature coefficients of resonant frequency (e.g. rutile, TiCL) [2] such that a high 
permittivity and a zero if are very rarely found together. Similarly, the dielectric loss 
of ceramic materials often increases dramatically as the permittivity increases, such 
that ceramic materials do not usually have both a high quality factor and a high 
permittivity [2]. Ferroelectric materials are an example with their typically very high 
dielectric constants but also high dielectric losses [3],
The dielectric ceramics that have to date been found to meet the above three 
requirements sufficiently well to be used commercially consist almost entirely of 
either octahedrally co-ordinated early d° transition metal ions such as Ti4+, Ta>+, 
Nb5", W6 etc. and/or lone pair containing cations such as Pb“ , Bi3 etc. that are
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susceptible to moving off-centre either statically or dynamically in a co-operative 
fashion and hence capable of giving rise to high permittivity. The materials currently 
dominating the commercial market for mobile phone base station dielectric ceramic 
resonators, for example, are the perovskite-related BaZnj/3Ta2/303 (BaZT) and 
BaMgi/3Tai/303 (BaMT) compounds as a result of their outstanding dielectric 
properties (the highest known value of Q i.e. -35,000 at 10 GHz, a low temperature 
coefficient of resonant frequency ( i f  -5  ppm/°C) and a relatively large dielectric 
permittivity o f -25 [8]. The recent high demand for Ta, however, has led to a relative 
lack of availability and increasing expense (its cost has increased more than 10-fold 
over recent years [9]). In turn, this has sparked a search for possible replacement 
dielectric ceramic materials [9,10]. Analogous Nb-containing ceramic materials are a 
particular focus for such investigations. Likewise, the fact that Pb-containing 
electroceramic materials, are increasingly falling out of favour as a result of 
environmental concerns has led to a resurgence of interest in Bi-based dielectric 
ceramic materials.
An additional major disadvantage of BaZT and BaMT is the high sintering 
temperatures (> 1350 °C) required to produce suitably dense ceramic material. High 
densities are required because the dielectric permittivity of air is only 1. Too much 
porosity therefore severely degrades measured dielectric properties. Such high 
sintering temperatures (> 1350 °C) rule out the integration of these materials into 
monolithic microwave integrated circuits [1-3]. For passive integration into 
multilayer devices, dielectric materials are needed that can be co-fired under 
reducing conditions with internal Ag, Cu or other metal alloy electrodes (i.e. at 
temperatures <~950°C) [2]. As a result of this latter requirement, many workers 
have focussed attention on the search for low-temperature, co-fired ceramic (LTCC) 
dielectric materials [11-14].
There are to date only a limited range of ceramic materials with sufficiently 
good dielectric properties that can be sintered at the latter relatively low temperatures 
including zinc titanate-based systems [12] but, in particular, Bi-containing dielectric 
ceramics such as BiNbCL as well as a range of chemically and displacively 
disordered cubic pyrochlore, or pyrochlore-related, phases within ternary systems 
such as the B^CL-NiO-N^Os and B^C^-ZnO-NbiOs systems [13,14]. The relatively
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low melting point of Bi203 (~ 825 °C) typically ensures the required relatively low 
sintering temperatures. In addition, the Bi3 ion is often susceptible to moving 
off-center in a co-operative fashion and hence capable of giving rise to high 
permittivity.
By far the most attention to date has focussed on an ~ Bii.sZnNbi.sC^-s (BZN) 
cubic pyrochlore phase and a related monoclinic zirconolite phase of composition 
Bi2Zn2/3Nb4/307 found in the Bi203-Znn0-Nb205 ternary oxide system [15-20]. Both 
exhibit relatively high dielectric constants and low dielectric losses. The former has a 
large negative temperature coefficient of capacitance while the latter has a large 
positive coefficient. By forming appropriate mixtures of these phases it was found 
that the temperature coefficient of capacitance could thereby be tuned close to zero. 
The dielectric properties of these materials suggest that insulating Bi-based 
pyrochlore phases have considerable potential for applications and warrant careful 
investigation. There are a range of Bi-based pyrochlore systems of this type available 
[21,22] and the structural and dielectric properties investigation of some of these 
form an important component of this thesis.
In summary: the next generation of dielectric ceramic materials for device 
applications need significant improvements in their environmental friendliness (e.g. 
they need to be Pb-free), in the availability and hence cost effectiveness of the raw 
materials required for their synthesis (e.g. they need to contain ^-transition metal 
ions other than Ta) and in their sintering temperatures. They should also maintain as 
high a performance as possible (i.e. a relatively high dielectric constant, as low a 
dielectric loss as possible as well as a close to zero temperature coefficient of 
capacitance) over as wide a range of environmental conditions as possible. It would 
also be desirable if their dielectric constants could be electric and/or magnetic field 
tuneable while maintaining good dielectric performance. In order to begin to 
approach these goals, there is a need to understand much more fully both the average 
structures as well as the inherent chemical and displacive disorder of many of these 
materials and how this structure relates to function in the form of their dielectric 
behaviour.
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The overall aim of the research presented in this thesis is thus to synthesise, 
structurally characterise and investigate the relationship between chemical bonding, 
local crystal structure, longer range microstructure and dielectric properties 
(permittivity, dielectric loss, temperature coefficient of resonant frequency, electric 
field tunability etc.) in several important dielectric ceramic systems, in particular in 
several complex Bi-containing pyrochlore systems, one non-Bi-containing 
pyrochlore system and one perovskite related electroceramic system.
1.2 A2B20 7 Oxide Pyrochlores
Oxide pyrochlores are a large and widely studied family of phases with ideal 
stoichiometry A 2B2 O1 (A and B are cations) isostructural to the mineral pyrochlore,
(Na,Ca)(Nb,Ta)06F/(OH) ([23,24]). The A2B20 7, or B20 6*0'A2, cubic Fd3m  [25] 
ideal pyrochlore structure type can be described as being built out of two relatively 
weakly interacting, intergrown sub-structures, a B2 Oe octahedral sub-structure (see 
Figure 1-lb) and an O '^  tetrahedral sub-structure built out of comer-connected, 
oxygen-centred tetrahedra, of ideal anti-/?-cristobalite structure type (see Figure 
1-la). The intergrowth of these two component sub-structure types gives rise to the 
ideal pyrochlore structure type shown in Figure 1-2.
There are four crystallographically independent atom types per unit cell: the A, 
B, O and O' atom types located at the 16d or 16c or 000; 48/orx, Vg^/gand
8b or 3/g,3/g,3/g Wyckoff sites of F d3m , space group number 227 (origin choice 2) in 
the International Tables for Crystallography, Vol. A [25], respectively. The one 
unknown oxygen atom fractional co-ordinate, x, determines the extent to which the 
eight- and six-fold co-ordination polyhedra surrounding the A and B cations are 
distorted from ideal octahedral and cubic co-ordination respectively. For a regular 
octahedral oxygen environment around the B cations, x should be 5/i6 or 0.3125. For 
a regular cubic oxygen environment around the A ion, x should be /g or 0.375. In 
practice, x tends to take a lower value and to range from 0.31 to 0.34 depending on 
the particular oxide pyrochlore involved [23]. Lower x values distort the A cation 
co-ordination polyhedra away from cubic towards a scalenohedral or puckered 
hexagonal bipyramidal co-ordination with two rather short A-O' bonds and six rather 
longer A-0  bonds (the A ions of the 0'^2 tetrahedral sub-structure are ideally situated
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at the centres of puckered hexagonal rings of O ions in the B2Oe octahedral 
sub-structure). The latter rather longer A-0  bonds represent the distance of closest 
approach between the two sub-structure network types. Although this distance of 
closest approach is usually significantly longer than any intra-network bond distance, 
the distance is still sufficiently short that the two sub-structures of Figure 1-2 can not 
be thought of as being truly independent.
As a family, oxide pyrochlores exhibit a wide variety of useful physical 
properties including dielectric, piezoelectric and ferroelectric behaviour, magnetic 
behaviour ranging from simple paramagnetism to ferro- or anti-ferromagnetism, 
fluoresescent and phosphorescent behaviour as well as solid electrolyte behaviour 
[23]. Their electrical properties range from insulating through semi-conducting to 
metallic behaviour dependent upon the relevant sizes and valence states of the A and 
B ions.
The most common oxide pyrochlores are the so-called (2+, 5+), A'i\_B'/2Oi, and 
(3+, 4+), ^ UI2^ 1V2 0 7 , oxide pyrochlores (see e.g. [23]). Bi-based pyrochlores of the 
latter type include Bini2ß 1V2 0 7  (B = Ti, Sn, Ru, Rh, Ir, Os and Pt) [26,27]. Oxide 
pyrochlores as a class also lend themselves to chemical substitution at the A, B, O 
and O' sites provided appropriate charge balance and other local crystal chemical and 
ionic size constraints are taken into account [23]. Golovshchikova et al. [22] in 1973, 
for example, first reported the existence of Bi2MlllNbv0 7 (M  = Fe and Sc) and 
Bi2A7112/3NbV4/307 (M = Ni and Mg) oxide pyrochlores with rather good dielectric 
properties and intriguing low temperature dielectric relaxor behaviour. Subsequently 
Cann et al. [21] extended the number of pyrochlores of this type known and 
confirmed their intriguing temperature-dependent dielectric behaviour.
Note that much recent careful phase analysis work (particularly that of the 
NIST group [17,20,28] as well as some reported in this thesis) has shown that the 
true cubic pyrochlore phase in many such systems is often a solid solution, 
significantly Bi-deficient with respect to the above traditional stoichiometries and 
often requires the presence of nominally too small M2 or M3 cations on the A as 
well as the B sites of the ideal A2 B2 O1 pyrochlore structure type (see e.g. [4,7,12- 
lb]). They have thus recently been christened ‘misplaced-displacive’ cubic 
pyrochlores [28].
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(a)
(b)
Figure 1-1 The two component sub-structures of the ideal pyrochlore A2B20 7, or 
B20 6*0'A2, structure type (a) the 0'A2 tetrahedral sub-structure and (b) the B20 6 
octahedral substructure in projection close to a <110> direction. The constituent OV\4 
tetrahedra are shown in brown in (a) while the S06 octahedra are shown in blue in (b). 
The oxygen ions are represented by the small red balls in (b). The unit cell is outlined in
both (a) and (b).
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Figure 1-2 The ideal pyrochlore A 2B20 7, or B20 6»0'A2, structure type made up of its two
constituent sub-structures.
Finally, ‘defect’ pyrochlores are also known where vacancies on the O' and A 
sites, in particular, readily occur.
1.2.1 Bi-based Oxide Pyrochlores
While apparently stoichiometrically simple (3+, 4+), Bi-based pyrochlores 
such as Bim2£ lv20 7 (B = Ti, Sn, Ru, Rh, Ir, Os and Pt) [26] have been reported, all 
except the B = Ti and Sn pyrochlores are metallic and thus not of interest from the 
dielectric properties point of view [26,27]. The B = Sn pyrochlore is also 
polymorphic [29] which is again not ideal from the dielectric properties point of 
view. The focus of this thesis is therefore on the structural and dielectric properties 
characterisation of some insulating, inherently compositionally and/or displacively 
disordered 'misplaced-displacive' cubic pyrochlores of nominal stoichiometries 
B^A^NbCb (M= In and Sc) and Bi2 M ^N b^O -/ (M= Ni and Mg).
A non-Bi based, ‘misplaced-displacive’ cubic pyrochlore (of nominal 
stoichiometry Cai 5NbTi] 50 7) analogous to these Bi-based oxide pyrochlores has 
also been synthesised and its structural and dielectric properties systematically 
investigated for comparison purposes.
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1.3 A CaTi03-based Dielectric Ceramic System
Current microwave (MW) electroceramics are typically divided into two 
classes differentiated by a figure of merit defined by the product of their quality 
factors, Q, with the applied frequency f(i.e. Q*/) in accordance with the requirements 
of particular MW applications: (I) higher Q*/ value (> 30,000 GHz) MW 
electroceramics with intermediate dielectric constants eT ~ 25-50 and (II) lower Q*/ 
value (-10,000 GHz) MW electroceramics with higher dielectric constants in the 
range of 75 -  100. Class I MW electroceramics have already been commercialised 
[2]. Commercial products utilizing class II MW electroceramics, however, are yet to 
emerge [3],
Potential materials systems within which to search for class II dielectric 
ceramics are titanate perovskite systems based on BaTiOs, SrTiC>3 and CaTiÜ3. 
Whilst BaTiC>3 has a very high dielectric constant, it also has a low Q value and a 
rather large Tf. Given the need for all three desirable dielectric characteristics to 
co-exist simultaneously, CaTiCb or SrTiCVbased systems are better candidate 
materials systems from this point of view. CaTiCh, for instance, has both a relatively 
high dielectric constant (~ 170) as well as a relatively high Q*/value (3,500 GHz). 
Its Tf value (+850 ppm/K), however, is far too high. The high starting dielectric 
constant of CaTiC^ (or SrTiÜ3) provides the possibility to tune their Q*/ and Tf 
values at the expense of the dielectric constant whilst still maintaining a value over 
75. Various authors to date have also attempted to tune the dielectric properties of 
CaTiC>3 by forming mixtures of it with other compounds such as /teA1 0 3  (Re: rare 
earth element e.g. La3+, Sm3 and Nd3 ) [4,7] and R e j as well as further 
mixtures thereof e.g. Cai_xRe2X/3Ti0 3 -ReA1 03  [8 ]. In this thesis, a particular 
CaTi0 3 -doped system which has been reported to exhibit promising dielectric 
properties [Kim et al, 30], namely the Cai.^Sm^TiOs, 0 < x < ~  0.6, system, has 
been synthesised and its structural and dielectric properties systematically 
investigated.
The end-member CaTiC>3 structure is of GdFeOs perovskite-related structure 
type, as shown in Figure 1-3 below. This GdFeO3 structure type has space group 
symmetry Puma, V2ap x 2ap x V2ap (subscript p for the underlying parent perovskite
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structure type) and differs from the ideal parent perovskite structure type in that there 
exist non-zero octahedral rotations around the a and b axes as are apparent in Figure 
1-3 below.
(a) (b)
Figure 1-3 The reported room temperature crystal structure of CaTi03 in projection along 
the (a) [100] and (b) [010] zone axis directions. The Ti06 octahedra are shown in blue, the 
Ca ions are represented by the large blue balls while the oxygen ions are represented by
the small red balls.
1.4 Outline of the Thesis
The aim of this thesis is to describe the work performed in the search for a 
deeper understanding of the relationship between dielectric properties and structure 
(both average as well as local) of the dielectric ceramic materials described above 
from both the fundamental materials chemistry, as well as materials engineering, 
points of view.
The thesis consists of 8 chapters. The second chapter describes background 
information on the experimental methods used in synthesis, structural 
characterisation and physical properties measurements of the ceramic samples 
produced.
Chapter 3 describes the measurement methods and procedures used to obtain 
both the reported dielectric properties. Descriptions of the home-made sample
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holders and computer programs necessarily developed during the course of this 
thesis to enable the dielectric properties to be measured are also presented in this 
chapter.
In Chapter 4, the synthesis, dielectric properties and average structure 
determinations of two ‘misplaced displacive’, Bi-based cubic pyrochlore phases 
found in the BriCb-A^'O-N^Os ( M  = Mg2 and Ni2 ) systems are reported. In 
addition, the relationship between the local crystal chemistry and the inherent 
compositional and displacive disorder of these Bi-based cubic pyrochlore phases is 
investigated via electron diffraction and bond valence sum analysis.
In Chapter 5, two Bi-based niobate pyrochlore phases which have both 
previously been reported to occur at the nominally ideal Bi2(MlllNbv)07 
stoichiometry without any compositional disorder on the pyrochlore A site, namely 
the BCinNbCb (BIN) and BCScNbCb (BSN) pyrochlore systems, are synthesised and 
carefully examined in order to establish whether or not A site stoichiometric, 
Bi-based niobate pyrochlores can really exist and to investigate the nature of their 
dielectric relaxation properties. In addition, electron diffraction is again utilised to 
investigate the inherent displacive disorder of these A site stoichiometric, Bi-based 
niobate pyrochlores.
In Chapter 6, the results of a synthesis and dielectric properties investigation 
of a non-bismuth based pyrochlore system apparently analogous to the above 
Bi-based pyrochlore systems, namely Ca1.5NbTi1.5O7 (CNT), are presented in order 
to establish whether or not the low temperature dielectric relaxation properties of the 
inherently disordered Bi-based pyrochlore systems necessarily require Bi occupancy 
of the pyrochlore A site. It is thereby established that the presence of Bi on the 
pyrochlore A site is not required.
In Chapter 7, the synthesis as well as the relationship between local crystal 
structure, microstructure and dielectric properties of the (l-x)CaTi03.xSm2/3Ti03 or 
Cai..vSm2*/3Ti03 (CST, 0 < x < ~ 0.6) system, are reported.
Finally, the conclusions drawn from this study are finally presented in Chapter 8.
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Chapter 2: 
Experimental 
Methods
This chapter describes the experimental methods used in the synthesis, 
structural characterisation and physical properties measurements o f the 
ceramic samples produced during the course o f this thesis.
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2.1 Introduction
This section introduces the experimental methods used in the results and 
discussion chapters that follow. It is divided into three parts: (a) methods used in 
sample synthesis, (b) methods employed in structural and compositional 
characterisation and (c) methods employed in dielectric properties characterisation.
2.2 Sample Synthesis
The major problem that needs to be overcome in conventional solid state 
synthesis relative to wet chemical synthesis is the typically slow diffusion rates in 
the solid state. These slow diffusion rates make it difficult to get the starting 
materials to mix properly and react uniformly. Two main routes are open in order to 
overcome this problem: (a) increasing the reaction temperature thereby increasing 
the diffusion rate or (b) decreasing the particle sizes of the starting solids thereby 
decreasing the diffusion distances required and increasing the surface energy. These 
two routes can often be combined. Reducing particle size is usually achieved via 
some form of grinding. Due to the reduction in particle size, however, a substantial 
amount of the starting material can sometimes be lost as dust if precautions are not 
taken. Grinding is thus normally carried out under a liquid to prevent fine particles 
from leaving. The liquid used should of course be easy to evaporate and not react 
with the sample.
The pyrochlore and perovskite type samples investigated in this thesis were 
prepared either via conventional solid-state reaction at relatively high temperatures 
and/or via lower temperature wet chemical synthesis, in particular via metalorganic 
decomposition routes. The former method is cheaper and more convenient in terms 
of the availability of the metal oxide and/or carbonate starting materials and was 
usually employed to prepare bulk samples. The latter, wet chemical synthesis route 
required the use of more expensive initial metalorganic reagents but could produce 
highly homogeneous samples and usually be carried out at significantly lower 
temperatures.
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2.2.1 Synthesis via the Solid State Route
The starting materials used in the solid state synthesis route were the 
appropriate metal oxides or metal carbonates (see the list given in Table 2-1) of the 
metal elements in the target compounds. The initial syntheses assumed a particular 
composition for the target pyrochlore or perovskite phase. The oxides/carbonates 
appropriate for these compositions were first dried at 120 °C overnight to eliminate 
adsorbed moisture and any water of hydration. The dry starting materials were then 
homogeneously mixed in acetone for 30 minutes using an agate mortar, then 
calcined typically at 800-1000 °C for one day allowing decomposition of the metal 
carbonates and initial reaction to occur followed by regrinding in acetone for a 
further 30 minutes. Fine powders of the sample were then added to a stainless steel 
die of 12 mm diameter and uniaxially pressed using a hydraulic press into pellets at a 
pressure of ~ 500 MPa for 1 minute. The obtained pellets were then sintered at 
higher temperatures ranging from 1000 °C to 1500 °C for periods typically ranging 
from a minimum of 2 hours up to a maximum of 72 hours (see Table 2-2; further 
details on the short-hand labels for the phases listed in Table 2-2 are given in the list 
of abbreviations on page xiii and the synthesis procedures used to obtain them are 
given in the individual Chapters that follow).
After each period of thermal treatment, the samples were first checked for 
phase purity using powder XRD. Further annealing was then carried out until no 
changes in the XRPD pattern could be detected, at which point equilibrium was 
deemed to have been reached. If contamination phases were present in the final 
XRPD pattern, the initial composition was changed until the desired single phase 
product was obtained (see Figure 2-1 for the process involved and Figure 2-2 for the 
equipment used).
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Table 2-1 Starting materials used in this study.
E lem en ts
S ta rtin g  ox id es  
/ ca rb o n a te
M a n u fa ctu re P u rity  (% )
A1 A I2 O 3 A lpha - V en tro n  Inorgan ics 99 .99
Ba BaCOß N O A H  C hem ical 99.9
Bi B i2 0 3 K o ch -L ig h t L ab o ra to ries 99.995
C a C a C 0 3 H udson  L ab o ra to ries 99 .999
Cu C uO U nivar 97.5
Fe F e20 3 A ldrich 99 .99
In In2Ü3 A ldrich 99 .99
La L a 2 0 3 M C - M ich igan  C hem ical C orpo ra tion 99.9
M g M gO A nalaR 98
Nb N b 20 3 A lfa - M orton  T h io k o l, Inc. 99 .9+
Ni N iO S igm a - A ld rich 99 .99
Sb S b20 5 T he B ritish  D rug  H ouses Ltd. 99 .99
Sc SC2 O 3 H udson  Lab. 99 .99
Sm S m 20 3 A ld rich 99.9
Ti T i 0 2 A ld rich 99.9
Z n Z nO U nivar 99.5
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Table 2-2 Synthesis conditions used in the solid state route.
Phase
Label
First calcining 
temperature (°C)
Sintering 
temperature (°C)
Sintering period 
(hours)
BIN 800 1050 48
BM N 800 1050 - 1150 3 -7 2
B N N 800 1050 - 1150 3 -7 2
BSN 800 1000 48
CNT 850 1000 - 1350 3 - 7 2
CST 1200 1350 - 1500 3 - 7 2
Not single 
phase?
Dry Metal 
Oxides/Carbonate
Calcined at 
800°C for 1 day
Grinding in 
acetone
Regrinding in 
acetone
Pressed into 
pellets
XRPD
Guinier-Hägg
Sintering 
1000-1500°C, 2-72hrs
1-2mm thick
Figure 2-1 Procedures involved in the solid state synthesis route.
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Figure 2-2 The equipment used in the solid state synthesis route a) agate mortar and 
pestle for grinding, b) alumina and platinum crucibles, c) die for pressing pellets and d)
high temperature furnace.
2.2.2 Synthesis of Samples via the Metalorganic Decomposition Route
The Ca~i.5Tii.5Nb0 7  (CNT) cubic pyrochlore sample was synthesised via a 
metalorganic decomposition route (the process used is shown in Figure 2-3 below) in 
order to lower the required sintering temperature and to obtain a fully dense sample 
suitable for dielectric properties measurements.
The starting reagents used (see Table 2-3) were titanium (IV) isopropoxide 
(Ti[OCH(CH3)2]4), niobium (V) chloride (NbCf), and calcium nitrate (Ca(N0 3 )2). 
Highly pure ethanol (C2H5OH) was chosen as the solvent. Niobium (V) chloride and 
calcium nitrate were first dissolved in ethanol at room temperature. The resultant 
solution became clear and was then heated up to 80 °C for 30 minutes to drive off 
water. Titanium (IV) isopropoxide was then added to the solution. The resultant 
transparent solution was then stirred at this temperature until the solvent evaporated. 
The resultant powder was then heated at 250 °C for 2 hours to completely remove 
any water of crystallisation and residual solvent. This was followed by heating at 
580 °C to remove inorganic groups such as NO3' ions. The resulting solid mixture 
was finally ground into a fine power in acetone using an agate mortar and pestle and 
then calcined at 850 °C for 12 hours. After re-grinding in acetone, the powder was 
then pressed into a 1 mm thick and 12 mm diameter pellet and sintered at a higher 
temperature of 1000 °C for a further 3 days.
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Table 2-3 Starting materials used in metalorganic decomposition method.
E lem en ts S ta rtin g  ch em ica ls M a n u fa ctu re P u rity  (% )
Ca C a(N 03)2 Aldrich 99.9
Nb NbCls Aldrich 99.995
Ti (Ti[OCH(CH3)2]4) Aldrich 99.999%
As for the solid state route, the resultant samples were checked after each 
period of thermal treatment using powder XRD until no change in the XRPD 
patterns could be detected, at which point equilibrium was again deemed to have 
been reached.
Remove inorganic 
groups, 580 °C
Calcined
250-800 °C, 12hrs
Remove water & 
solvent, 250 °C
Initial dissolution 
in ethanol, 25 °C
Evaporation
Regrinding
acetone
Pellets
12 mm diameter
Not single 
phase?
l-2mm high
Figure 2-3 Procedures used in the metalorganic decomposition route.
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2.3 Structural Characterisation Methods
A variety of analytical techniques were used for unit cell and space group 
determination, for compositional analysis of synthesised samples, for average 
structure determination and for detection of compositional and/or displacive 
disorder.
2.3.1 Laboratory based X-ray Powder Diffraction (XRPD)
Laboratory based X-ray powder diffraction was invariably the first analytical 
technique employed to study the samples synthesised. It was used initially to 
determine if the samples synthesised were, or were not, single phase, then to 
determine the single phase unit cell parameters and to investigate space group 
symmetries. In the case of the disordered cubic pyrochlores, special care had to be 
taken in the indexing of the XRD patterns to look for certain weak reflections, e.g. 
442, 446 etc., diagnostic of inherent compositional and/or displacive disorder 
[17,20,28,31,32,33]. Note that even, even, even reflections of the type h + k + / ^  4n 
(n an integer) such as 442, 446 etc. are forbidden for the ideal cubic pyrochlore 
structure type as a result of the fact that the A (16d), B (16c), O (48f) and O' (8b) 
atoms are each on special positions which all require this h + k + / ^ 4n condition.
Powder X-ray diffraction was carried out using both a Siemens D-5000 
diffractometer (see Figure 2-4a) and a Guinier-Hägg camera (see Figure 2-4b) using 
CuKai radiation (k = 1.54059 Ä). High purity Si (Lot GD#1 [34], a = 5.431195(9) Ä 
at 22.5 °C or Sietronics Lot # GDI, a = 5.431115 Ä) was added to the samples to act 
as an internal standard, while the sample unit cell dimensions were refined using the 
program “Unitcell” [35]. The focussing geometry of the Guinier-Hägg camera 
provides very narrow peak shapes enabling more accurate determination of the 
average structure unit cell dimensions of the samples (~ 0.01 %). A further 
advantage of the Guinier camera technique is the very small amounts of sample 
needed. However, the intensities of the lines in Guinier-Hägg films (see Figure 2-5 
below) are often difficult to integrate or to be used in Rietveld analysis.
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Figure 2-4 Laboratory XRD diffractometers used for powder XRD analysis: (a) the Siemens 
D-5000 Diffractometer and (b) the Guinier-Hägg camera.
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Figure 2-5 A typical Guinier-Hägg film (top) and the corresponding scanned profile
(below).
21
Synthesis, Structural & Dielectric Properties of some Metal Oxides Ceramics
2.3.2 Electron Probe Microanalysis (EPMA)
There are several situations where XRD alone may not provide sufficient 
information to characterise the synthesised product. For example when performing 
synthesis at elevated temperatures it is possible to partially volatilise reagents during 
synthesis. Although XRD may report a single phase and provides accurate unit cell 
parameters, the loss of reagent may remain unnoticed. In other cases it is possible 
that, upon quenching, a well defined crystalline phase forms but a second phase also 
quenches as an amorphous glass. In this case, the presence of a second (amorphous) 
phase gives rise to a weak characteristic undulating background. This, however, is 
often difficult to detect. An independent analysis is therefore useful to provide 
additional information. In this case electron probe microanalysis (EPMA) was used 
to check the final composition as well as confirm the homogeneity of the various 
synthesised samples.
EPMA involves bombarding the atoms in the sample with a beam of 
electrons, causing them to generate X-ray photons at energies (wavelengths) 
characteristic of the elements which are in the sample. These X-rays can then be 
collected using either energy dispersive (EDS) and/or wavelength dispersive (WDS) 
detectors [36] and are plotted as a spectrum of energy (or wavelength), versus 
intensity. The spectrum provides not only confirmation of the elements present in the 
sample but can also be used to provide quantitative information. A first 
approximation of the concentration of a given element in an unknown sample can be 
obtained by calculating the ratio of the intensity of its characteristic peak in the 
unknown sample to that of the same peak in the spectrum of a well defined 
calibration standard. Because of likely differences in atomic number, absorption of 
X-rays and secondary fluorescence, corrections need to be applied to arrive at a final 
concentration. Note that the typical accuracy of quantitative EPMA using carefully 
selected calibration standards can be better than ~ ±2 % relative (see e.g.[37]) and 
that regions <2-5 pm (depending on atomic number) can be selected for individual 
compositional analyses.
All quantitative analysis presented in this thesis were performed at 15 kV and 
1 nA using a JEOL 6400 Scanning Electron Microscope (SEM) (equipped with an
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Oxford Instruments light element EDS detector and Link ISIS SEMquant software) 
In order to minimise atomic number, absorption and fluorescence (ZAF) corrections 
[36], standards close in composition to the unknown were chosen wherever possible. 
The calibration standards used for the analyses presented in this thesis are shown in 
Table 2-4.
EPMA analysis was particularly important in the case of the Bi-based 
pyrochlore samples where Bi evaporation during high temperature annealing was 
always a possibility.
Table 2-4 Elemental standards used in EPMA analysis
Elements Standards Elements Standards
A1 NaAlSi30 8 Mg MgO
Ba BaS04 Nb BiNb04
Bi BiNb04 or NbÜ2 F
Ca CaZrTi2 0 7 Ni Pure Ni
Fe Fe203 Sb S b 7 G e 2 3 S 7 o
La LaSb2Sn0.6 Ti T i02
Samples prepared for quantitative analysis were mounted in 25mm epoxy 
resin discs and polished to a < 0.5 pm finish using diamond paste. To enable 
imaging and analysis on the non-conductive samples synthesised, the polished 
samples were coated with a ~20 nm thick layer of carbon (see Figure 2-6 below). 
Since the sample is bombarded with electrons, the carbon coating is essential to 
dissipate any electric charge that would build up on the surface of what would 
otherwise be an insulating sample.
w
Figure 2-6 Carbon coated polished sample molds
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2.3.3 Imaging in the SEM
In addition to the EDS detector, the JEOL-6400 SEM is also equipped with 
secondary electron (SE) and back-scattered electron (BSE) detectors to generate 
magnified detailed images of the surface. The SE signal generally provides high 
resolution topographical detail and is therefore particularly useful when examining 
rough surfaces and highlights any three-dimensional nature of the specimen. The 
intensity of BSE emission is proportional to the average atomic number of the area 
illuminated; the BSE signal is therefore useful in visualising potential variations in 
atomic number. This can be particularly useful in quickly assessing if a sample 
contains more than one phase. SE and BSE imaging were thus used to investigate the 
compositional homogeneity, texture and morphology of the samples produced as 
well as to look for any morphological transformations that may have occurred during 
the sintering process.
2.3.4 Electron Diffraction
Electron diffraction is ideally suited to the detection of weak features of 
reciprocal space such as structured diffuse scattering as a result of the strong 
interaction of electrons with matter (electrons scatter some 104-105 times more 
strongly than X-rays). Such structured diffuse scattering gives important information 
as it can be interpreted in terms of the local crystal chemistry of disordered materials 
i.e. the local distribution of available ions on the partially occupied sites and/or the 
associated or inherent displacive shifts responsible for the observed diffuse 
scattering. This is important in the case of the inherently compositionally and/or 
displacively disordered pyrochlore and perovskite phases which are the subject of 
this thesis. Figure 2-7, for example, shows (a) ~<118> and (b) ~<551> zone axis 
electron diffraction patterns (EDP’s) typical of the 'misplaced-displacive' BZN cubic 
pyrochlore (courtesy of Prof. Ray Withers). The highly structured diffuse intensity 
distribution apparent in such EDP's gives important information as to the nature of 
the local compositional and associated displacive disorder occurring in this material 
[18,38,39], The detection and interpretation of such structured diffuse scattering and 
its implications as regards dielectric properties is an important component of this 
thesis.
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The electron diffraction patterns (EDPs) in this thesis were obtained using a 
Philips EM 430 TEM operating at 300 kV. Sample grids suitable for transmission 
electron microscopy were prepared by crushing the compounds in butanol and 
dispersing them onto lacey carbon coated TEM grids.
Figure 2-7 (a) ~ <118> and (b) close to <551> zone axis electron diffraction patterns 
(EDP's) typical of the 'misplaced-displacive' BZN cubic pyrochlore (courtesy of Prof. Ray
Withers).
2.3.5 Neutron Diffraction
The X-ray and neutron diffraction experiments performed in this thesis were of both 
transmission and reflection geometry in the case of X-ray diffraction but only of 
transmission geometry for neutron diffraction. The main difference between the two 
techniques used however, is the interaction between the “probe” (the radiation type) 
and the scattering of that probe. X-ray diffraction is a very convenient tool for 
determining the positions of heavy elements (with many electrons) which dominate 
the scattering of X-rays. On the other hand, neutron powder diffraction is preferred 
when more detailed information regarding the positions of lighter atoms in a matrix 
of heavier atoms is needed, as for example when structural information on the 
oxygen positions in a typical oxide perovskite are required. This is because the 
atomic scattering power for neutrons (called the scattering length) depends primarily 
on the nuclei involved and their relative position and is largely independent of the 
number of electrons that surround the atom [40]. In addition, this scattering is often
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strongly isotope dependent so the same element can have vastly different scattering 
lengths for its different isotopes. The scattering length also does not scale linearly 
with atomic number, like the scattering of X-rays does, so light atoms can scatter 
neutrons as strongly as or stronger than the heavier atoms in the structure (see e.g. 
Figure 2-8).
The sensitivity of neutrons to lighter atoms such as oxygen is thus fairly high, 
and often as good as the heavy atoms. Refinement of neutron diffraction data was 
thus used to model and refine oxygen positional parameters as well as those of the 
metal atoms in this thesis. The neutron powder diffraction data were collected at 
room temperature (298 K) using the High Resolution Powder Diffractometer 
(HRPD) at the High Flux Australian Reactor (HIFAR) with a wavelength of ~1.49 Ä 
[41]. The samples were placed in a vanadium canister of 10 mm diameter and 
continuously rotated during data collection which was carried out in 0.05° steps 
between 0.027° and 150.027° in 26. This powder diffraction data was then refined 
using the Rietveld method.
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Figure 2-8 Comparison of atomic scattering lengths for X-rays and neutrons [42].
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2.3.6 The Rietveld Analysis of Neutron Diffraction Data
The Rietveld method is a non-linear least squares refinement method, 
whereby the positions and intensities of the peaks in a calculated diffraction profile 
are compared to the diffraction peaks in an experimental data set (see the example 
given in Figure 2-9). By minimizing the difference between the calculated pattern 
generated by a certain structural model and the observed peaks, a probable model of 
the structure can thereby be obtained.
The Rietica for Windows software package [43] was used for Rietveld 
structural refinement of the obtained room temperature neutron powder diffraction 
profiles. Data below 8° and above 150° in 20 were treated as excluded regions. The 
unit cell values obtained for the samples via X-ray powder diffraction were used as 
starting numbers to refine the neutron beam wavelength to A^eutron = 1.4913(2) Ä 
(given as ~ 1.49 Ä by the diffraction facility) which was then fixed.
The background was modelled using a 6th order Chebyshev-II-type 
polynomial. The peak shape was refined using a Pseudo-Voigt model, described 
using four refinable parameters. The structural parameters refined were atomic 
coordinates, site occupancies and atomic displacement parameters (ADP’s), both 
isotropic and anisotropic. The fractional co-ordinates and ADP’s for both ions 
located on the ideal pyrochlore A-sites as well as for those on the 5-sites were 
always constrained to be equal.
The relevant refinement statistics used to describe the fit were Rßragg, R P, 
R>vp, Rcxp and x • The fitting statistic most closely resembling the traditional single 
crystal R factor is Rßragg- This fitting parameter describes the quality of the fit of the 
model structure to the experimental data independent of the background and is based 
on the “observed” integrated intensities (I) obtained for each theoretical reflection 
(K) in the pattern.
R Bragg (2- 1)
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The Rp fit index also relates the structure model to the observed pattem. In 
this case, however, the fit is related to each data point (y) in the pattem where the 
calculated value for a data point is based on one or several theoretical reflections that 
(depending on peak profile) can contribute to that point including the calculated 
background.
R w (2-2)
The Rwp fitting parameter is also based on the intensities at each data point in 
the whole pattern but in addition a weighting scheme (w) is added, usually based on 
counting statistics.
\
I »Ay f - y ' fY
2>,o>?y (2-3)
Based on the number of refined parameters (P) and the number of 
“observations” (N) an ‘expected R-value’, R^ xp, is calculated for the pattern
R  Exp ~
N - P
5 > < o
(2-4)
9 • •
The final parameter X  indicates the quality of the overall fit between the 
calculated and observed patterns (including the background) based on what can be 
expected in regards to the number of observations and the number of parameters 
used in the refinement.
X
2 I  » A y f  - y f ?
N - P
(2-5)
The various R values should generally be refining to values that are as low as 
possible whilst the “goodness of fit” parameter, x , should be close to a value of 1. A 
value far below 1 for x  is an indication that something is seriously wrong with the
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refinement. Often it means that the model has more parameters than can be justified 
based on the data quality. For instance, the counting statistics are bad or the 
background is high etc. The best way to indicate the quality of the fit is to 
graphically show this in a plot. It is easier to visually verify the goodness of the 
model than to solely rely on refinement statistics. A graphical representation can also 
show that a model is good even though the statistics may initially look bad due to 
e.g. the presence of a contamination phase, magnetic scattering, strain effects etc.
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Figure 2-9 Neutron powder diffraction pattern of Bii.66Mg0.7oNbi.520 7  refined using the 
Rietveld method (cross: experimental data point, line: the calculated profile fit, vertical 
bars on the bottom: the positions of allowed Bragg reflection, the bottom line: different
profile).
2.4 Physical Characterisation Methods
2.4.1 Density Measurement
The density of ceramic samples can have a significant effect on their 
measured dielectric properties as the presence of air will hinder the flow of charge 
through the materials and thus degrade their intrinsic dielectric properties. It is thus 
crucial that the sample pellets produced should be sufficiently dense and non-porous 
for good dielectric properties measurements.
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The density of the sintered samples produced was typically measured by the 
Archimedes water displacement method, widely used in the determination of the 
specific gravity of solids [44], The ceramic pellets were first polished using a variety 
of grades of sand paper until a smooth surface was obtained. The weight of the 
samples was then recorded in both air and water on a bench-top scale balance 
(accuracy of ±0.0001 g at room temperature). The density of the sample was then 
estimated from the following formula:
P  sample
P a
pwxp.
where:
(2- 1)
pa: density of dry sample in air.
pw: density of the sample soaked in water
P water: density of water at room temperature (25°C), and is l.Og.mL 1
The density of the sample was also calculated from the volume (V) and mass (m) of 
the pellet:
Psam ple
V
(2-2)
The measured density was then expressed in terms of a percentage of the theoretical 
density of the crystal (pc) which was calculated from the unit cell volume (Vc):
P c  ~
ZxM
N x V
(2-3)
where:
Na is Avogadro’s number,
Z is the number of formula units per unit cell, 
M is the molecular weight of a formula unit
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This relative density should ideally be greater than 95 % in order to give reliable 
measured dielectric properties [45].
The pellets with lower relative densities were typically re-sintered for longer 
times or/and at higher temperatures to achieve higher relative densities.
2.4.2 Raman Spectroscopy
Raman spectroscopy is a method that uses inelastic scattering of incident 
monochromatic photons from a laser source to study vibrational, rotational or other k 
= 0 symmetric modes of distortion in a crystalline material. It is a complementary 
technique to infrared spectroscopy and is used in this thesis to investigate 
temperature-dependent changes in local structure. In this study, Raman spectra of 
pellet samples were obtained using a Spectra Physics 164 Argon ion laser.
2.5 Dielectric Properties and Characterisation
The electronic properties of conductors and semi-conductors arise from 
electron and/or hole carrier transport. In an ideal insulator, however, there are no 
such free electrons. Nonetheless, such materials usually consist of positively and 
negatively charged particles. These charges balance each other macroscopically in 
the absence of an external electric field giving rise to overall charge neutrality of the 
material [46]. Once an electric field is applied, this charge balance is perturbed as a 
result of a limited spatial rearrangement resulting in the formation of a macroscopic 
dipole moment. These types of insulating materials are known as dielectric materials. 
All insulators are dielectric materials but do not have to be good dielectric materials.
Dielectric properties are strongly structure related according to the following 
microscopic polarisation mechanisms [47] (see also Figure 2-10 below):
electronic polarisation (ae) arises as the result of a small displacement of the 
electrons in an atom relative to the nucleus and is active up to ~ 1015 Hz. Its 
contribution can lead to dielectric constants or permittivities (k) up to ~ 5.
ionic polarisation (0Ci) involves relative displacements of the cation and anion 
sublattices from their equilibrium positions and give rise to ionic dipoles. This
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mechanism is correlated with lattice vibrations and can respond to applied 
frequencies up to ~ 10n Hz. Normally, its contribution to the dielectric constant falls 
between 10 and 60.
dipolar polarisation (otd) arises from the re-orientation and alignment of permanent 
dipoles due to an external applied electric field. It can respond to applied fields for 
frequencies up to 10 to 10 Hz, and can make contributions to the dielectric 
constant ranging from 102 to 104.
space charge polarisation (as) involves a limited transport of charge carriers until 
they are stopped at a potential barrier, typically a grain boundary or a phase 
boundary. This results in a spatial distribution of charge centres over the 
microstructure. Depending on the conductivity (mobility) and barrier separation 
distances, space charge dipoles can respond to applied fields for frequencies 
typically up to 103 Hz. Space charge dipoles can contribute ~105 to measured 
dielectric constants.
Depending on the frequency of the applied electric field, real dielectric 
materials have a dielectric response arising from one or more of these polarisation 
mechanisms (Figure 2-11). Polarisation is therefore expressed as:
P = a m,E = £„( l -£ r)E (2-4)
where £o is the dielectric constant of a vacuum, equal to 8.854 x 10' C J 'm'  , er is 
the relative dielectric constant of the dielectric material and E is the external electric 
field. This equation links the observed macroscopic polarisation to the various 
possible microscopic polarisation mechanisms. From the equation, it can be noted 
that upon application of an electric field, the charges in the material will respond in 
such a way as to reduce the field experienced within the material. That is, if a 
capacitor of value Co under vacuum is filed with a dielectric material, its charge 
storage capacity (capacitance) increases to a value C [48]. In this way, the dielectric 
constant of a material can be measured using a simple parallel plate capacitor device, 
in which C = £0£rA/ d , where C is the capacitance of the dielectric material, A is the
area of the capacitor and d is the thickness of the dielectric layer.
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Polarization Unpolarized
process state
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Figure 2-10 The four main polarisation mechanisms in dielectric materials. Unpolarised 
and polarised states are presented for the atomic, ionic, dipolar, and space charge
polarisation [47].
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Figure 2-11 Frequency variation of the dielectric permittivity (real and imaginary parts) 
indicating the contribution from each of the polarisation mechanisms. The peaks in their 
imaginary part corresponding to the space charge-dipolar and dipolar-ionic transitions 
are relaxations. The other two are resonant transitions [47].
Dielectric polarisation can be classified into two classes: static and dynamic. 
Static polarisation remains unchanged under an applied electric field while dynamic 
polarisation varies with the applied electric field. In the latter case, the local dipole 
moments, or the chains (or clusters) responsible for the local dipole moments, need 
different times and energies to be rotated or switched. The dielectric properties 
therefore exhibit a strong frequency-dependent character. This phenomenon is 
known as dielectric relaxation. When the relaxation time required is much faster than 
the frequency of the applied electric field, polarisation occurs instantaneously. When 
the relaxation time required is much slower than the frequency of the applied electric 
field, no polarisation (of that type) occurs. However, when the relaxation time 
required and the frequency of the applied field are similar, a phase lag occurs and 
energy is absorbed. This introduces dielectric loss (or a dissipation factor). It is
normally quantified by the relationship, tant) = — where s' is the real portion of the
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dielectric constant and s" is the imaginary portion of the dielectric constant. It 
reflects the ratio of the energy dissipated to the energy stored in the material. 
Typically, the energy dissipated is turned into heat from conduction of electrons 
flowing through the material or through the anharmonicity of the lattice vibrations 
[49]. Loss has also been attributed to defects and grain boundaries in polycrystalline 
materials [50]. Loss increases with porosity (P), which is defined as
where D is the ratio of the material’s experimental to theoretical density [51]. A 
lower dissipation factor is optimal in order to retain the maximum signal and to 
prevent excessive heat generation in devices. Microwave engineers also define the 
quality factor (Q), which is in fact simply the inverse of the dielectric loss.
In addition to the dielectric constant and the dielectric loss, another important 
parameter is the temperature coefficient of the dielectric constant that measures the 
thermal stability of the dielectric properties of a dielectric material to fluctuations in 
temperature.
The temperature coefficient of the dielectric constant can be evaluated from 
measurements taken at two different temperatures Ti and T2 as follows [52]:
The temperature coefficient of the dielectric constant can be positive or negative, 
depending on the nature of the dielectric material. Changes in temperature can lead 
to changes in dielectric constant and consequently capacitance. Achieving a material 
with a close to zero temperature coefficient is one of the most difficult parts in the 
development of practical dielectric ceramic materials [53]. A material with a small re 
variation can often be combined with a material with an opposite sign of re (e.g. the 
combination of a material with positive re and a material with negative re) to make 
the overall device temperature stable [54],
In the case of microwave dielectric measurements, the temperature 
coefficient of resonant frequency, if, is used to assess the temperature stability of
P = 1 -  D (2-5)
_  £ (T1) £ (T])
(2-6)
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microwave dielectric materials. The temperature coefficient of resonant frequency 
( i f )  depends on both the temperature coefficient of the dielectric constant (re) but also 
on the thermal expansion of the material (aL) [55].
7
V y
(2-7)
In general, the thermal expansion of solid materials is about 1 0 - 2 0  ppm/K, 
therefore, to tune if to near zero, the temperature coefficient of the dielectric constant 
should be approximately of the same magnitude if both re and ocl are positive.
In order for materials to be used as resonators and filters, it is important that 
the resonant frequency not shift significantly between -20°C and +80°C. The 
temperature coefficient of resonant frequency is often required to be less than 15 
ppm/°C in the temperature range of -55°C to 125°C [56].
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Chapter 3: 
Dielectric 
Measurement 
System
This chapter describes the measurement methods and procedures used 
to obtain dielectric properties. Descriptions o f the home-made sample 
holders and computer programs developed during the course o f this 
thesis to enable the dielectric properties measurement process are also 
presented in this chapter.
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3.1 Introduction
The two most important properties of a dielectric material are its dielectric 
constant (or dielectric permittivity) and its dielectric loss (or dielectric loss tangent). 
Both parameters, in general, vary as a function of frequency, temperature and 
electric field. To be able to rapidly and accurately characterise these functional 
dependences is crucial for insight into the underlying polarisation mechanism/s and, 
ultimately, for the optimisation of the performance of promising dielectric materials 
for practical applications.
The conventional method for making low frequency (up to ~1 MHz) 
measurements of the dielectric properties of solids is to place a dense sample 
between closely spaced parallel conducting plates (see Figure 3-1) so as to form a 
so-called parallel plate capacitor. This parallel plate capacitor device is then 
subjected to an AC voltage and the voltage over, current through and capacitance of 
the device measured using, in our case, an Agilent 4284A precision LCR meter. 
These measured electrical properties are then modelled using appropriate AC 
equivalent circuits (see Figure 3-2) and the associated capacitance, C, and dissipation 
factor, D, of the resulting capacitor thereby extracted.
The capacitor device was constructed as follows: pellets (diameter ~12 mm 
and thickness ~1 mm) with greater than 95% relative density were polished and 
coated carefully with silver paste on both sides, followed by a heat treatment at 
550 °C to ensure good electrical contact. The edge of these pellets was then polished 
to remove any silver coating which may otherwise lead to an electrical short circuit 
between the two sides of the coated pellet.
The properties of the dielectric material under test in the parallel plate 
configuration (Figure 3-1) are then modelled as a frequency-dependent capacitance 
C(co) in parallel with a frequency-independent resistor Rq (Figure 3-2a). The DC 
resistance Ro takes into account processes such as thermally activated hopping and 
ionic conduction. The measured capacitance C(co) is then proportional to the 
complex dielectric function of the sample material under test as follows:
C(co)=e(co)e0-
a
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where:
A is the cross sectional area of the capacitor, 
d is the separation between the plates (in general, A »  d) and
9 1 1
So = 8.854 x 10-12 C J’ m' , is the permittivity in vacuum.
Figure 3-2 Equivalent circuits used for the material under test in Figure 3-1 without (a), or 
with (b) taking interfacial capacitance into account
The capacitance C measured by a typical capacitance bridge is equal to the 
real part of
C(co) = £(a))E,1-  
a
(3-2)
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and so it can be used to extract the frequency dependent, real part of the dielectric 
function £\co) i.e. the relative dielectric permittivity (or dielectric constant).
The other measured quantity, the loss tangent (or dissipation factor), D(co) , 
given by
D(co) =
e \ c o )
(3-3)
can then be used to extract the imaginary part of the dielectric function £*(co).
The rest of this chapter describes the development of an automated system for 
measuring dielectric properties including the design of both high temperature (room 
temperature to 500 °C) and low temperature (room temperature down to liquid 
nitrogen temperature) sample holders as well as programs to enable automated 
impedance, dielectric properties versus temperature and non-linear dielectric 
characterisation measurements.
3.2 Dielectric Measurement
3.2.1 Room Temperature Dielectric Measurement
Room temperature dielectric measurements were performed using a high 
precision LCR meter (Agilent 4284A) where the frequencies of the applied electric 
field ranged from 20 Hz - l MHz (Figure 3-3). An in-house program was written to 
enable automatic measurement at multiple frequencies. The program was designed to 
automatically measure dielectric properties such as dielectric constant, dielectric 
loss, impedance, and tunability as a function of frequency with or without a bias 
voltage (see section 3.3 below). The data obtained from the program was then 
imported to an MS excel spreadsheet program for further analysis.
3.2.2 High Temperature Dielectric Measurement
Temperature-dependent dielectric constant and dielectric loss spectra of 
samples from room temperature, 298 K, up to 598 K were measured using an 
in-house high temperature dielectric measurement system. This system consists of a 
high-precision LCR meter (Agilent 4284A), a temperature-controlled muffle furnace,
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a high temperature sample holder, a thermocouple, a temperature reader, and a 
Windows server 2000 PC (see Figure 3-4).
Figure 3-3: Measurement of dielectric material at room temperature
As part of this system, a special sample holder was designed and constructed 
specifically for high temperature measurement (see Figure 3-5 below). The top right 
side of the ceramic pad was coated with silver to act as the bottom electrode. The 
clip on the left hand side was used to hold down the pellet samples and act as the top 
electrode. The clip was employed in a mechanism to accommodate samples of 
differing thicknesses, sizes and position of electrodes depending on the type of 
sample to be measured.
Figure 3-4: Measurement of dielectric material at high temperature
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The electrodes used are required to have very low resistivity, an ability to 
maintain good electrical contact and must be stable over the measurement 
temperature range. A Beryllium copper alloy was chosen for the clip as it has high 
tensile yield strength. To ensure that a high quality electrical signal was maintained, 
gold wires were used to connect the two electrodes from the sample holder to the 
LCR meter. Gold wires were used as it is inert to oxidation over the temperature 
range investigated in this study.
Figure 3-5 Sample holder for high temperature measurement
For these high temperature measurements, a K-type thermocouple was used as it 
gives good accuracy over the temperature range 123K to 1473K [57].
The sample holder shown in Figure 3-5 as well as the thermocouple probe 
were then inserted into the muffle furnace (Figure 3-4) which was programmed to 
give a slow and linear temperature rise. The gold wires from the sample holder were 
connected to the LCR meter. The thermocouple probe line was attached to a 
temperature reader. This data was sent to a temperature logger program in the PC via 
a serial port. The LCR meter was then connected to a PC by means of a GPIB cable. 
An in-house computer program was also written to support the measurement. This 
program recorded the dielectric properties of the sample automatically over a pre-set 
time interval. The program also draws the capacitance and dielectric loss as a 
function of temperature in real-time to allow close monitoring of the measurement 
(see section 3.3 below). The system takes 4 hours to reach 300 °C whereupon the 
sample in the furnace was allowed to cool slowly without any heating. Upon
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completion of the measurement, the recorded temperature and dielectric properties 
were transferred to a Microsoft Excel spreadsheet for analysis.
3.2.3 Low Temperature Dielectric Measurement
Temperature-dependent dielectric constant and dielectric loss spectra of 
samples from the liquid nitrogen temperature of 77 K up to room temperature were 
collected using an in-house low temperature dielectric measurement system. This 
system consists of a high-precision LCR (Agilent 4284A) meter, a thermocouple, 
temperature reader, Windows server 2000 PC and a low temperature environmental 
box (Figure 3-6).
LCR Meter 
Low
temperature
environment
box
Thermometer
Figure 3-6 Low temperature dielectric measurement system
The most important part of the system is the low temperature environmental box. 
It was designed and constructed around the following requirements:
• It should be safe operating at temperatures as low as liquid nitrogen, 77K
• It should be a flexible design to hold samples with different type and shape
• It should be able to hold the sample at the same temperature long enough for 
the dielectric properties to be recorded. This is approximately 20 seconds
• The temperature rise should be linear and controllable
• To measure dielectric properties with high accuracy, ± 5 %
• To measure temperature to within ±1 %
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• To minimise thermal contraction and expansion of the materials used
• It should be a sealed unit to prevent moisture affecting the measured 
dielectric properties
• There should be no background electromagnetic interference from heating
• The samples should be held in place with excellent electrical contact
The final design of the low temperature environmental box consists of a thermos 
flask as shown in Figure 3-6 that is filled with liquid nitrogen. A sample holding arm 
is attached to the lid such that when the lid is closed the sample is cooled to the 
liquid nitrogen temperature of 77K. A temperature probe is placed near the sample 
and connected to a thermometer. A type T probe was selected as it gives good 
accuracy over the temperature range from 73K to 623K [57].
The cores of the environmental box are the low temperature sample chamber and 
holder which are shown in Figure 3-7.
Electrodes out Temperature out
Bottom Electrode
Copper Chamber
Dry Nitrogen gas inlet
Dry Nitrogen gas release
Cold Nitrogen gas out
Heating Elements
Rubber Seal
Figure 3-7 Low temperature sample holder and chamber
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The sample holder component of the environmental box was designed 
similarly to the high temperature sample holder shown in Figure 3-5. This allows 
measurement of both bulk pellet as well as thin film samples.
Materials selection is a crucial part in the design of this low temperature 
environmental box. The material used to construct the core was copper due to its 
ready availability and high thermal conductivity. The chamber lid was made from 
Delrin (Polyoxymethylene, POM), a highly electrically resistant material with low 
thermal expansion. There are several different types of probes available with 
different metal compositions, enabling measurements over different temperature 
ranges.
The low temperature holder with an installed sample was first inserted into 
the sealed copper chamber. The chamber was then place into the thermos flask. Dry 
argon gas flow was then fed into the chamber to draw out moisture from the sample 
and chamber. Liquid nitrogen was slowly poured into the apparatus until the system 
reached a temperature near 77K, the boiling temperature of nitrogen. Once the 
system had cooled to liquid nitrogen temperature (which often took about 30 
minutes), the measurement started and the temperature of the system was allowed to 
slowly increase. An in-house computer program (see section 3.3.2) was written to 
assist the measurement. The thermocouple and the PC were synchronised such that 
the temperature and dielectric properties measurements were logged simultaneously. 
It took the system around 10 hours to reach room temperature. Upon completion of 
the measurement, the recorded temperature and dielectric properties were transferred 
to a Microsoft Excel spreadsheet to analyse.
3.3 Dielectric Measurement Program
During the study, a computer program was developed to enable the dielectric 
measurement process. The communication with the LCR meter and the numerical 
calculation components of the program were written in C++, the graphical user 
interface (GUI) was built using Microsoft Visual Studio 2005. The program includes 
two parts: the room temperature dielectric measurement and the automated dielectric 
properties versus temperature measurement. Flowcharts describing the operation of 
the program are shown in Figure 3-8 and Figure 3-10 respectively.
45
Synthesis, Structural & Dielectric Properties of some Metal Oxides Ceramics
User input: 
frequency range, 
bias voltage
User input: 
frequency, 
bias circle
the end of all circles ?
Display results
Send measurement 
command to LCR
Room Temperature 
Measurement
Calculate 
measurement set
Frequency
dependence
measurement
Tuneability
measurement
Obtain and process 
data from LCR
Figure 3-8 The operation of the dielectric measurement program for room temperature.
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3.3.1 Program for Room Temperature Measurement
This part of the program helps the user to easily measure the dielectric 
properties of the samples including: capacitance, dielectric loss, impedance (in 
degrees or radians). A typical user interface with the program is shown in Figure 3-9.
The user can select either a specific frequency (“Choose a Frequency” 
module) or a pre-defined frequency range (“Which Frequency Range to Use” 
module). It is also possible to define a specific range and a certain number of points 
for measurement (“Define a Frequency Range” module). In this case, the program 
will automatically calculate a set of suitable intervals for each sub-range, so the 
obtained data curve is smooth.
The program also has a function to enable the user to measure the bias 
dependence of the dielectric properties i.e. to examine the tunability of the materials. 
In this case, the measurement can be performed with either bias variation direction, 
from negative to positive or reverse. The number of bias cycles is also changeable.
•j* HP4284 - LCR - Withers* Solid S ta te  Group
Choose a Frequency
Define a Frequency Range (Hz)
Start fiö
End pTÖÖÖÖÖO
? Points 10000
Select a Bias Voltage (V)
Measurement Data
?C td w  [i 3
Measure Cp*D (BIAS • lo ♦) 
Measue Cp-0 (BIAS * to •)
6000001*5 4-i384£ 716*6 91481604 
6100001*5.413856 11H-5 89190EO4 
6200001*5.413786-111*5 90103E-04 
6300001*5.415316 -111*6 34875E-04 
6400001*5 415566 -111*6 385406 -04 
6500001*5 415536 11 1+6 417636-04 
6600001*5.416636 111*6 629006-04 
6700001*5 41677E-111*6 606746 04 
6800001*5 416756-111*6 611586 04 
6900001*5.416716 -111*6 653516 04 
7000001*5.416716 111*6 627566 04 
7100001*5.416676 -111*6 601546 04 
7200001*5 416546-111*6 671746 04 
7300001*5416686 111*6 652206 04 
7400001*5422116-111*7 641826 04 
7500001*5 42183E-111*8 001476 04 
7600001*5 421966 -11K7 878186 04 
7700001*5 421836 -111*7 986826 04 
7800001*5.421866-111*7.992276 04 
7900001*5.421906-111+7 998506 04 
8000001+5 421966 -111*7 940176 04 
8100001+5.421926-111+7 968126 04 
8200001+5 421936-111+7 906536 04 
8300001*5 421986-116*7 958366 04 
8400001*5 422006 -111*7 971496 04 
8500001*5 422036 -111*7 95453E 04 
8600001*5.422006 -116*7 88044E 04 
8700001*5.421976 -116*8 001366 04 
8800001+5 421956 -111*7 984026 04 
8900001+5 430556-111*1 025146 03  
900000I+5.43097E-11I+9 95291604 
9100001+5 430886-111*9 945986 04 
9200001+5 430886-111*1 009436 03 
9300001*5.430466-111+1.023106-03 
«unnnra+'i 478646 111+1 noriR76 m
Which Frequency Range to Use?
3  r  S»»nd"dOnW* M4H$
( f  Ful Range (20Hz- 1MHz) 
Custom Range (see left panel)
Start Measue Cp - D 
Start Measue R- X(lmpendance) 
Start Measue Z - theta (Deg) 
Start Measue Z - theta (Rad) 
Copy to clipboard
OK
Figure 3-9 Interface of program for room temperature dielectric measurement
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User input: 
update periods, 
bias voltage
the end of all ranges?
Display results
Plot real-time graph
Send measurement 
command to LCR
Process data
Write data to hard 
drive
Obtain data from 
thermo meter
Calculate 
measurement set
Automatic low/high 
temperature 
measurement
Obtain data from LCR
Figure 3-10 The operation of the dielectric measurement program for automatic low/high
temperature measurement.
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3.3.2 Program for Automatic Low -  High Temperature Dielectric 
Measurement
This part of the program allows the user to automatically measure and record 
the dielectric properties of the samples over a preset time interval. This is 
particularly useful for both the low and high temperature dielectric measurement 
process as they often take a very long time. The program also draws the capacitance 
and dielectric loss in real-time to allow close monitoring of the progress of the 
measurement. Figure 3-11 shows a typical screenshot of the program in operation.
Figure 3-11 Interface of the program for automatic dielectric measurement
3.3.3 Remote Measurement Function
The automatic low/high temperature measurement process or the room 
temperature measurement process with more than a thousand points usually takes 
several hours to complete. It is therefore necessary to remotely monitor and control 
the measurement process.
To achieve this, a password protected, VNC based remote control server was 
setup on the measuring PC. The PC was then connected to the RSC network via an 
Ethernet cable such that a user with a VNC client e.g. Tight-VNC can access the 
measurement system remotely from their office or anywhere in the world. This also
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allows transferral of the current measurement data from the measurement system to 
the user’s PC remotely.
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Chapter 4 : The
Non-stoichiometric 
Bismuth Based 
Pyrochlores, BMN 
and BNN
In this chapter, the synthesis, dielectric properties and average structure 
determinations o f two ‘misplaced displacive ’, Bi-based cubic pyrochlore phases 
found in the Bi2C>3-Ml‘O-NbjOs (M  =  Mg21 and Ni2') systems is reported. In 
addition, the relationship between the local crystal chemistry and the inherent 
compositional and displacive disorder o f these Bi-based cubic pyrochlore phases is 
investigated via electron diffraction and bond valence sum analysis.
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4.1 Introduction
As discussed in the first chapter of this thesis, there has recently been much 
interest in the heavily disordered, Bi-based cubic pyrochlore phases found in a range 
of ternary BbC^-A^'O-b^Os systems [16-21,58-60] due to their excellent dielectric 
properties (including electric field tuneability) and relatively low sintering 
temperatures [15,16,21,59-62]. The composition of these cubic pyrochlore phases 
was initially assumed to be fixed and of apparently ideal/'sensible' stoichiometry 
Bi2(Af!I2/3NbV4/3)0 7 [21]. Recent careful phase analysis studies, however, have shown 
that the cubic pyrochlore phase in such systems is always a solid solution, almost 
invariably significantly Bi-deficient with respect to the above nominally ideal 
stoichiometries and requires the presence of nominally too small M2 on the A sites 
as well as the B sites of the ideal A2B2O7 (or i^C V O '^) pyrochlore structure type 
(see Figure 1-1) [20,28,63], This has led to their designation as so-called “misplaced- 
displacive” cubic pyrochlores [2 0 ].
The most commonly studied bismuth-based cubic pyrochlore phase of this 
type is (Bi1.5Zno.5_5XZno.5Nb1.5)0 7 .5  (BZN) [15-18,20,58,59,62]. Its relatively high 
dielectric constant, low dielectric loss as well as compositionally tuneable 
temperature coefficient of capacitance (when used in conjunction with a nearby 
monoclinic zirconolite like Bi2(ZnM2/3Nbx 4/3 ) 0 7  ternary phase within the 
Bi2 0 3 -Znn0 -Nb2 0 5 system [17,20,59,62,63]) makes this material very attractive for 
low temperature firing, high frequency multi-layer device applications 
[15,16,21,59,62]. Average structure refinements of BZN [17-19] and a few other 
related (Bii.5A/IIo.5_ö)(Afllo.5Nb].5)0 7 _s Bi-based pyrochlore phases [28,68,80] to date 
have all reported considerable displacive disorder, particularly associated with the 
O'A 2 sub-structure. Despite considerable recent efforts, however, the local crystal 
chemistry underlying such behaviour still remains far from well understood nor its 
relationship to the dielectric properties of these phases [17,18,39,64]. The apparently 
inherent displacive disorder of these Bi-based pyrochlore phases is important to 
understand both from the fundamental crystal chemical point of view but also 
because it has been linked to anomalous low temperature, glass-like dielectric 
relaxation behaviour in these systems which has the potential to rule out their use in 
the commercially important RF/microwave frequency range [21,60,65,66].
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Golovshchikova et al. [22] were the first to report the existence of cubic 
pyrochlore phases in the BiiO^-A^'O-NbiOs (M = Ni and Mg) systems (labelled the 
BNN and BMN phases in what follows) of apparent stoichiometry 
Bi2(Mil2/3Nbv4/3)07, (M = Ni and Mg). More recently, Cann et al. [21] reported the 
synthesis and dielectric properties of further B ^A i1‘2/31*^4/3)07 cubic pyrochlore 
phases, including the BNN and BMN cubic pyrochlore phases. Later still, Sirotinkin 
and Bush [58] reported the existence and dielectric properties of cubic pyrochlore 
phases in the Bi203-Af110-Nb20s (M= Zn, Ni, Mg, Cu and Mn) systems, but this time 
of stoichiometry (Bii.5 A /'o .s-aX  A^o.sNb 1.5)07.5, a composition rather closer to that of 
the BZN cubic pyrochlore. Finally, Valant and Suvorov [67] carried out a phase 
analysis investigation of the ternary Bi203-Ni0-Nb20s system. They report the 
existence of a quite compact field of non-stoichiometric cubic pyrochlore solid 
solution with a composition centred around Bi1.5Nio.67Nb1.33O6.25 (or 
Bi1.68Nio.75Nb1.49O7 if normalised to seven oxygens) rather than the Bi2(Ni2/3Nb4/3)07 
composition assumed by Cann et al. [21] or the (Bii.sA/'o.s-aX A '^o.sNbi.5)07.5 
composition reported by Sirotinkin and Bush [58]. The above results are clearly not 
in agreement as regards either the stoichiometry or the dielectric properties for both 
the M  = Ni and Mg compounds. In the case of the M =  Ni phase, for example, Cann 
et al. [21] report a room temperature dielectric constant for B ^ N i '^ N b ' 4/3)07 of 
122 (at 1 MHz) while Sirotinkin and Bush report a dielectric constant for 
(Bil.5A^,0.5-6)(M"o.5Nb,.5)07.5 of only ~ 27 (at 10 kHz) [58],
The aim of this chapter therefore was to re-investigate the synthesis, 
composition and dielectric properties characteristic of the BNN and BMN, Bi-based 
cubic pyrochlore phases found in the Bi203-Afll0-Nb20s (M = Mg2 and Ni2') 
systems with a view to resolving the above contradictions. In addition, the 
relationship between the local crystal chemistry of these cubic pyrochlore phases and 
inherent displacive disorder is also investigated as is the low temperature dielectric 
relaxation behaviour of BNN and BMN.
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4.2 Sample Preparation
Samples were prepared via the solid state route using high purity Bi2C>3 
(99.995 %, Koch-Light), Nb20 5 (99.9+ %, Alfa), MgO (98%, AnalaR), NiO (99.99 
%, Sigma - Aldrich) as starting materials. The initial syntheses assumed a nominal 
ideal composition for the cubic pyrochlore phase of (Bii.5A /+o.5)(M2+o.5Nb5 1.5 ) 0 7  (M  
= Mg and Ni), as assumed by Sirotinkin and Bush [58]. Pelleted samples were 
prepared as described in Section 2.2.1 above. They were typically sintered at a 
highest temperature of 1050 °C for 1 to 3 days. The resultant pellets were smooth 
with no sign of additional phases on the surfaces. In agreement with the recently 
reported phase diagram of Valant and Suvorov [67], it was found that the nominally 
‘Bi1.5AfNb1.5O7’ specimens thereby obtained, whilst containing a dominant cubic 
pyrochlore phase, were nonetheless clearly not single phase samples. In the case of 
the M = Ni system, the other phases identified were NiNb2Oö and NiO, again in 
agreement with the phase diagram of Valant and Suvorov [67].
New samples were therefore synthesised at a nominal composition of 
Bi1.67M0 75Nb1.5O7, corresponding to the centre of the cubic pyrochlore solid solution 
field reported for the Bi203-Ni0-Nb205 system by Valant and Suvorov [67] when 
normalised to seven oxygens. A final annealing temperature of 1150 °C for 7 days 
was used in the case of the M =■ Mg, nominally Bi1.67Mgo.75Nb1.5O7 (BMN) sample 
and 1100 °C for 3 days in the case of the M=  Ni, Bi1.67Nio.75Nb1.5O7 (BNN) sample.
4.3 Results and Discussion
4.3.1 X-ray Powder Diffraction Results
The purity of the BMN and BNN samples were first investigated by X-ray 
powder diffraction using a Guinier-Hägg camera and Cu Ka\ radiation. Both 
resultant samples appeared single phase using standard two hour Guinier XRD film 
exposures. Careful examination of obtained XRD films exposed for a rather longer 
period (4 hours) confirmed that the BNN sample was indeed single phase while the 
BMN sample was found to contain a (barely detectable) trace amount of an unknown 
second phase. In this latter case, four very weak additional lines were observed 
which could not be indexed to the BMN cubic pyrochlore phase (see the peaks
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labelled with * in Figure 4-1 ). These additional lines were not visible on the XRD 
film  when using a standard exposure length o f 2 hours.
100
*  50 -
Figure 4-1 X-ray diffraction pattern of the BMN sample drawn from measured Guinier 
films and estimated intensities taken from Table 4-1.
0 10 20 30 40 50 60 70 80 90
2 0(o)
Figure 4-2 X-ray diffraction pattern of the BNN sample drawn from measured Guinier 
films and estimated intensities taken from Table 4-1.
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The average structures of these BMN and BNN cubic pyrochlore phases were 
indexed using an F-centered cubic unit cell. High purity Si powder (Lot GD#1, [34]) 
was added as an internal standard for accurate determination of the unit cell 
parameters, refined using the program “Unitcell” [20]. The cubic unit cell parameters 
were thereby refined to values of a = 10.5607(5) Ä and a = 10.5354(2) Ä for BMN 
and BNN respectively. Two very weak lines (442/006 and 446/028), forbidden for 
the ideal Fd3m  cubic pyrochlore structure type and indicative of inherent, large 
amplitude, displacive disorder in the O'Az sub-structure (as first pointed out by 
Birchall and Sleight [31] and subsequently by other authors [17,20,28,32,33]), were 
observed in both cases (see Figure 4-1, Figure 4-2 and Table 4-1. Note that Figure 
4-1 and Figure 4-2 are drawn from measured Guinier films and estimated intensities 
taken from Table 4-1). While the quantitative EPMA determined composition of the 
BNN sample (see below) is very similar to that reported by Valant and Suvorov [67], 
the refined lattice parameter for our BNN cubic pyrochlore phase differs slightly 
from the value of 10.5459(4) Ä reported for the same composition in [67]. In the 
case of the BMN cubic pyrochlore phase, the refined lattice parameter of 
10.5607(4) Ä is quite close to that reported by Sirotinkin and Bush [58] for their 
nominally Bi1.5MgNb1.5O7, BMN phase of a = 10.570(2) Ä.
4.3.2 Electron Probe Microanalysis
In order to confirm the nominal Bii 67M0.75Nb1.5O7 composition and to check 
for homogeneity of the samples, the samples were also investigated via electron 
probe micro analysis (EPMA), using a JEOL 6400 scanning electron microscope 
(SEM) equipped with an Oxford Instruments light element EDS detector and Link 
ISIS SEMquant software. Multiple spot analyses were carried out at 15 kV and 1 nA 
using BiNb0 4  and either MgO (for BMN) or NiO (for BNN) as standards. The BNN 
sample was found to be homogeneous and single phase of average composition 
Bii.65(2)Nio.75(3)Nbi.50(i) 0 7  (arbitrarily normalised to seven oxygens) i.e. in agreement 
with the nominal starting stoichiometry within error. The quoted error bars represent 
the standard deviation of the 40 separate spot analyses used to obtain the quoted 
average composition.
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Table 4-1: X-ray powder diffraction data for Bi1.67Mgo.70Nb1.52O7 (BMN, space group Fd 3m , 
#227, a = 10.5653(4) Ä) and Bi1.67Nio.75Nb1.5O7 (BNN) (space group Fd 3m , #227, a =
10.5354(5) Ä).
hkl
BMN BNN
Note
Visible A2 9 d o b s lo b s Visible A2<9 d o b s lo b s
111 X 0.071 6.068 10 X 0.026 6.072 10
022 X 0.011 3.732 3 X -0.006 3.726 <1
113 X -0.002 3.184 20 X 0.011 3.175 5
222 X -0.009 3.050 100 X 0.004 3.041 100
004 X -0.004 2.641 40 X 0.012 2.633 50
133 X -0.003 2.423 20 X 0.008 2.417 10
224 X -0.006 2.156 1 X 0.007 2.150 <1
115,333 X -0.009 2.033 10 X -0.002 2.028 3
044 X -0.002 1.867 50 X -0.001 1.863 50
135 X -0.003 1.785 5 X 0.009 1.781 5
006,244 X 0.002 1.760 1 X -0.01 1.756 1 *
026 X 0.006 1.670 3 X 0.005 1.666 10
335 X 0.006 1.610 <1 X 0.009 1.606 <1
226 X -0.006 1.592 50 X -0.001 1.588 50
444 X 0.012 1.524 30 X 0.002 1.521 20
117, 155 X 0.007 1.479 3 X 0.004 1.475 5
246 X 0.001 1.411 <1 X -0.004 1.408 <1
137,355 X 0.003 1.375 <1 X -0.007 1.372 1
008 X 0.000 1.320 20 X 0.004 1.317 20
028, 446 X 0.005 1.281 <1 X -0.004 1.278 <1 *
066, 228 X -0.002 1.242 1
157,555 X 0.002 1.219 1 X 0 1.217 <1
266 X 0.000 1.211 25 X -0.004 1.209 25
048 X -0.009 1.181 25 X 0.003 1.178 25
119,357 X -0.007 1.159 1 X -0.003 1.156 <1
248 X -0.001 1.152 5 X -0.011 1.150 5
466 X -0.006 1.126 5 X -0.002 1.123 5
Note: * Denotes lines forbidden for the ideal Fd3m cubic pyrochlore structure type 
and diagnostic of inherent displacive disorder.
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In the case o f the initial BMN sample, the trace amount o f the second phase 
which caused the weak additional lines in the highly exposed Guinier XRD films 
was not observed in the SEM or via EPMA. The composition o f the cubic pyrochlore 
phase as determined by quantitative EPMA was Bii.67(3)Mgo.64(2)Nbi.53(i)07 
(arbitrarily normalised to seven oxygens) i.e. somewhat Mg-deficient relative to the 
as-synthesised composition. Later, this Mg-deficiency was found to be due to 
insufficient initial drying o f the MgO starting powder prior to weighing. The MgO 
after drying at 120 °C overnight still contained hydrated water (around 16 %). This 
hydrated water content was only eliminated after heating MgO at a temperature 
higher than 800 °C. Re-synthesis at a slightly more Mg-rich composition than the 
above was subsequently found to give a pure single phase cubic BMN sample o f 
average composition Bii,66(i)Mgo.70(3)Nbi.52(1 )0 7 . The refined cubic unit cell 
parameter for this BMN sample was a = 10.5653(4) Ä (see Table 4-1 above).
4.3.3 Average Structure Refinements
The presence o f the nominally forbidden diagnostic 006/442 and 028/446 
reflections in laboratory XRD data (see Table 4-1 above) [18,28,63] suggests 
significant displacive disorder in the OM2 sub-structure, as mentioned above. Room 
temperature (298 K) neutron powder diffraction data o f both the BMN and BNN 
samples were therefore collected on the High Resolution Powder Diffractometer 
(HRPD) at the High Flux Australian Reactor (HIFAR) at a wavelength o f -1.49 Ä 
[41] and the average structures refined. The Rietica for Windows software package 
[43] was used for Rietveld structure analysis. Data below 8° and above 150° in 20 
were treated as excluded regions. The unit cell values obtained for the BMN and 
BNN samples via XRD were used as "standards" to refine the neutron beam 
wavelength to Neutron= 1.4913(2) Ä (given as -  1.49 Ä) which was then fixed.
The structural parameters refined were atomic coordinates and atomic 
displacement parameters (ADP’s), both isotropic and anisotropic. The site 
occupancies for the heavy metal atoms were constrained to be consistent with the 
results o f the EPMA analyses given above. The EPMA investigation, however, does 
not allow the oxygen content o f the samples to be determined. We thus attempted to 
use the neutron refinement to get an estimate o f any vacancies in the oxygen 
positions. Only the O' position gave a value which differed from unity, thus this was
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the only position that was allowed to vary in the final refinement. As can be seen in 
Table 4-4 and Table 4-5, the differences between the expected O' occupancy values 
(left) and the refined ones (right) are the same to within one standard deviation. The 
fractional co-ordinates and ADP’s for both ions located on the ideal pyrochlore 
/1-sites (Bi3 and Mg2 or Ni2+) as well as for those on the 5-sites (Mg2 or Ni2^ and 
Nb5 ) were always constrained to be equal. The obtained refinement results are 
detailed in Table 4-4 for BMN and Table 4-5 for BNN respectively.
The A 2B2O-1, or 5 206»0'v42, ideal pyrochlore structure type (see Figure 1-1 and 
Figure 1-2) has the A cations on 16d  at 1/2,1/2,'/2, the B cations on 16c at 000, the O 
oxygen on 48/ at xj/g,1/  and the O' oxygens on 8b at 3/8,3/g,3/8 (origin setting 2, 
Fd3m). An initial test refinement of the BNN sample assuming a re-normalised 
Bi1.667Nio.75Nb1.5O7 stoichiometry similar to that reported in [67] of 
Bii.48(Ni2/3Nb4/3)06.22 or 0 'o.22Bii.48«(Ni2/3Nb4/3 0 6) (with Ni only on the pyrochlore B 
sites and the O' site occupied at a very low level) quickly blew up with strongly 
negative ADP's on the O' site etc. It was clear that Ni must occupy both the 
pyrochlore A and B sites while the occupancy of the O' site must be close to one. The 
same was true for the BMN sample. Subsequent refinements thus assumed 
(Bio.833Mgo 11 Do 06)2(Mgo 24Nbo.7 6 )2 0 7  and (Bio.833Nio.i25d0.04)2(Nio.25Nbo.75)207 (n 
denotes a vacancy) starting compositions i.e. no oxygen vacancies and full 
occupancy of the metal ion B sites.
The initial refinements (model 1; see the first lines of Table 4-4 for BMN and 
Table 4-5 for BNN and Table 4-2 for the associated refinement statistics) assumed 
the ideal pyrochlore structure type and isotropic ADPs. The one unknown fractional 
co-ordinate, the x fractional co-ordinate of the 48/ oxygen ions, then refined to the 
same value of 0.3194(2) for both BMN and BNN. The relative magnitudes of the 
refined isotropic UiS0’s for this model 1 were quite comparable with those refined 
using the same model for the other Bi-based pyrochlores whose structures have been 
refined to date (c/ e.g. with Table 1 of [17] and [18] and the Model 1 columns of 
Table 3 of [28] and [68]). In particular, the refined UjS0’s for the B cation and the O 
oxygen making up the B2Of, sub-structure are relatively normal while those for the A 
cation and the O' oxygen constituting the 0 '^ 2 sub-structure are — 5-10 times larger
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and clearly abnormal, requiring substantial displacive disorder associated with the 
0 'A2 sub-structure.
Table 4-2 The refinement statistics of model 1.
R-wp r D-W
BMN 0.0728 0.0925 2.878 0 .578 ,0 .785
BNN 0.0708 0.0910 2.868 0.527, 0.768
The introduction of anisotropic ADPs (Model 2, the second lines in Table 4-4 
and Table 4-5), in particular on the Bi/M2+, or A, site, lead to a significant 
improvement in the associated refinement statistics (see Table 4-3). The principal 
components of the mean square displacement ellipsoid of the A site ions along and 
perpendicular to the local O'-A-O' direction refined to values given by Up + 2Ui2 = 
0.0127 Ä2/ 0.0139 Ä2 and Un -Ui 2 = 0.1483 Ä2/ 0.1636 Ä2 for BMN/BNN 
respectively i.e. to a very flat, or pancake-shaped, ellipsoid (see Figure 4-3 below). 
Clearly, as has also been found for BZN [17,18,19] and the other Bi-pyrochlores 
whose structures have been refined to date [19,20,28,68], the disordered A cation 
displacements are constrained to displace in {111} planes perpendicular to the local 
O'-A-O' axis (by ~ 0.385 Ä/ ~ 0.405 Ä in this case).
Table 4-3 The refinement statistics of model 2.
RP RwP r D-W
BMN 0.0598 0.0728 1.805 1.027, 1.209
BNN 0.0578 0.0702 1.709 0.971, 1.243
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T able 4 -4  Structural p a ra m eters for BMN refin ed  u sing  th e  fou r m o d e ls  as d escr ib ed  in 
th e  te x t . The first lin e for each  a to m  is M od el 1, th e  se c o n d  line is for M od el 2, th e  third  
lin e  is for M od el 3 and th e  fou rth  lin e  is th e  final M od el 4  (in b o ld ). The cub ic unit cell 
p a ra m eter  w a s  a  = 1 0 .5 6 6 2 (2 )  Ä and  th e  sp a ce  grou p  Fd 3m (origin  ch o ice  2). The 
a n iso tro p ic  ADPs are g iven  b e lo w  th e  a to m  co o r d in a te s , th e  re f in e m e n t  s ta tis tic s  are in
th e  tex t .
A t o m S ite X y z U i s o * 1 0 0 O cc. (% )
Bi/Mg2 16 d V2 V2 V2 0.1004(15) 83.3(3)/l1.0(2)
16 d v2 v2 l/2 * a 83.3(3)/l 1.0(2)
96 g V2 0.4722(2) 0.5278(2) 0.0180(11) 83.3(3)/l1.0(2)
9 6 g v2 0 .4 7 2 7 (9 ) 0 .5 2 7 3 (9 ) *b 83.3(3)/l 1.0(2)
Nb/Mg 1 16 c 0 0 0 0.0118(4) 76.0(1 )/24.0(2)
16 c 0 0 0 *c 76.0(l)/24.0(2)
16 c 0 0 0 0.0116(4) 76.0(l)/24.0(2)
16 c 0 0 0 *d 7 6 .0 ( l) /2 4 .0 (2 )
0 4 8 / 0.3194(2) Vs Vs 0.0223(4) 100
48/ 0.3201(1) V , V s *e 100
4 8 / 0.3193(1) V . Vs 0.0192(3) 100
4 8 / 0 .3 1 9 8 (1 ) % V 8 100
O ’ 8 b 3/8 3/ 8 0.095(3) 100
8 b 3/8 3/8 3/g *g 100
32e 0.3548(6) 0.3548(6) 0.3548(6) 0.041(4) 100
3 2 e 0 .3 5 5 9 (1 1 ) 0 .3 5 5 9 (1 1 ) 0 .3 5 5 9 (1 1 ) *h 9 9 /9 7 (2 )
A to m u „ u 22 u 33 u 12 u 13 U 23
* a 0.1031(14) 0.1031(14) 0.1031(14) -0.0452(14) -0.0452(14) -0.0452(14)
*b 0 .0 2 5 (9 ) 0 .0 2 5 (9 ) 0 .0 1 8 (6 ) -0 .0 1 2 (1 1 ) 0 .0 0 3 9 (2 3 ) 0 .0 0 3 9 (2 3 )
*c 0.0168(4) 0.0168(4) 0.0168(4) -0.00037(5) -0.00037(5) -0.00037(5)
*d 0 .0 1 2 4 (4 ) 0 .0 1 2 4 (4 ) 0 .0 1 2 4 (4 ) -0 .0 0 3 1 (5 ) -0 .0 0 3 1 (5 ) -0 .0 0 3 1 (5 )
*e 0.0316(8) 0.0165(4) 0.0165(4) 0 0 0.0119(6)
* f 0 .0 2 8 1 (8 ) 0 .0 1 6 6 (4 ) 0 .0 1 6 6 (4 ) 0 0 0 .0 0 9 0 (6 )
*g 0.1143(30) 0.1143(30) 0.1143(30) 0 0 0
*h 0 .0 6 2 (7 ) 0 .0 6 2 (7 ) 0 .0 6 2 (7 ) -0 .0 0 4 (3 ) -0 .0 0 4 (3 ) -0 .0 0 4 (3 )
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T able 4-5 S tru c tu ra l p a ra m e te rs  fro m  BNN re fin ed  w ith  fo u r  m o d e ls  g iven in th e  te x t.
First line is M odel 1, seco n d  M odel 2, th ird  M odel 3 an d  fo u r th  th e  final M odel 4 (in 
bo ld). The u n it cell p a ra m e te r  w as  a = 10.5427(2) Ä a n d  th e  sp a c e  g ro u p  Fd3m (origin 
cho ice  2). The an iso tro p ic  ADPs a re  given b e lo w  th e  a to m  c o o rd in a te s , th e  re f in e m e n t
s ta tis tic s  a re  in th e  te x t.
A to m S ite X y z u iso* 1 0 0 O c c . (% )
Bi/N i2 16 d v2 V2 v2 0.1086(15) 83 .3(1)/12.5(3)
16 d v2 V2 v2 *a 83.3(1)/12.5(3)
96 g V2 0.4713(2) 0.5287(2) 0 .0232(11) 83 .3(1)/12.5(3)
96g */2 0.4716(9) 0.5284(9) *b 83.3( 1 )/l 2 .5(3)
N b/N il 16 c 0 0 0 0 .0114(4) 75.0(1 )/25.0(3)
16c 0 0 0 *c 7 5 .0 (l)/2 5 .0 (3 )
16c 0 0 0 0.0096(3) 75.0(1 )/25.0(3)
16c 0 0 0 *d 75.0(1 )/25.0(3)
O 4 8 / 0 .3194(2) Vs Vs 0.0212(4) 100
4 8 / 0 .3202(1) Vs Vs *e 100
4 8 / 0 .3194(1) V s Vs 0.0178(3) 100
4 8 / 0 .3199(1) Vs Vs 100
O' 8 b 3/8 3/s 3/s 0.1030(31) 100
8 b 3/8 3/s 3/s * g 100
32c 0 .3535(5) 0 .3535(5) 0 .3535(5) 0 .0421(36) 100
32c 0.3548(11) 0 .3548(11) 0 .3548(11) *h 0.975/0 .99(2)
A tom u „ u 22 U33 u 12 U 13 u 23
*a 0.1137(15) 0 .1137(15) 0 .1137(15) -0 .0499(11) -0 .0499(11) -0 .0499(11)
*b 0.024(8) 0 .024(8) 0 .024(8) -0 .015(11) 0 .001(2) 0 .001(2)
*c 0 .0143(3) 0 .0143(3) 0 .0143(3) -0 .0021(4) -0 .0021(4) -0 .0021(4)
*d 0.0109(3) 0 .0109(3) 0 .0109(3) -0 .0021(4) -0 .0021(4) -0 .0021(4)
*e 0.0299(8) 0 .0147(4) 0 .0147(4) 0 0 0 .0111(5)
0 .0263(8) 0 .0151(4) 0 .0151(4) 0 0 0 .0084(6)
* g 0.1225(32) 0 .1225(32) 0 .1225(32) 0 0 0
*h 0.067(7) 0 .067(7) 0 .067(7) -0 .004(3) -0 .004(3) -0 .004(3)
62
Synthesis, Structural & Dielectric Properties of some Metal Oxides Ceramics
The next stage of the refinement was to introduce displacive disorder on both 
the A and O' sites in order to significantly reduce the isotropic ADP’s of the model 1 
refinement and in line with earlier structural studies of other Bi-pyrochlores [18,20, 
80]. The .4-site ions were thus displaced from Wyckoff position \6d C/2, V2, V2) to 
96/i (V2, V2-8 A, '/2+£a ) while the O' ion was shifted from position 8 b (Vg,3^ , 3/s) to 
Wyckoff position 32e (3/8+£o', 3/s+£o', 3/s+£o')- The refined displacement magnitudes 
off the 16d  and 8 b sites for the A and O' sites were then 0.415 Ä/0.428 Ä and 
0.370 Ä/0.393 Ä for BMN/BNN respectively. This model (Model 3, the third lines in 
Table 4-4 and Table 4-5 significantly reduced the originally refined isotropic ADP’s 
on both the A and O' sites (although that on the O' site still remains rather too high 
suggesting that the disorder on the O' site is not particularly well-modelled by the 
splitting employed) while the refinement statistics again improved significantly (see 
Table 4-6). (It is worth noting that the refinement statistics remain virtually identical 
if the sign of ed is reversed).
Table 4-6 The refinement statistics of model 3.
R P P-wp r D -W
BM N 0.0606 0 .0726 1.775 1.098, 1.231
BN N 0.0578 0 .0697 1.683 1.052, 1.262
The final refinements (Model 4, line 4 of Table 4-4 and Table 4-5), see also 
Figure 4-3(a) and (b) kept the displacive disorder on both the A and O' sites outlined 
in Model 3 but allowed anisotropic ADPs for all atoms. This introduced an 
additional seven parameters but lead to a significant further final improvement in 
refinement statistics (see Table 4-7) compared to Model 3. Note that the refined 
anisotropic displacement ellipsoid for the already displaced A site ions again takes a 
flat pancake shape so that the six 96h A site ions virtually overlap to form a donut 
shape perpendicular to the local O'-yl-O' axis (see Figure 4-3).
At this last stage of the refinement, the initial assumption that there were no 
oxygen vacancies and that the metal ion vacancies would be located exclusively on 
the A site positions were tested by allowing the oxygen occupancies to vary without 
constraints and by refining the relative occupancies of the Mg/Ni ions on the A and B
63
Synthesis, Structural & Dielectric Properties of some Metal Oxides Ceramics
sites. The oxygen occupancies were refined first. The occupancy of the O site refined 
to 1.000(4) while that on the O' site refined to 0.97(2) for BMN and to 1.000(3) and 
0.99(2) respectively for BNN i.e. to within error there is no evidence for oxygen 
vacancies on either the O or O' sites. The relative M  occupancies on the A and B sites 
were refined next but again changed very little (and in the unphysical direction of 
having more than 1 metal ion on the pyrochlore B site) as did the refinement 
statistics e.g. for BMN, the Mg occupancy on the A site refined to 0.10(1) 
(equivalent within error to the initially assumed 0.11(2)) while the Mg occupancy on 
the B site refined to 0.25(2) (again equivalent to within error to the initially assumed 
0.24(1)). Clearly the vacancies on the metal atom sites are overwhelmingly if not 
entirely located on the A sites. There was thus no evidence for any need to change 
the assumptions underlying Model 4 which was therefore taken as the final structure 
model.
Table 4-7 The refinement statistics of model 4.
R- RwP r D-W
BMN 0.0538 0.0665 1.508 1.409, 1.437
BNN 0.0534 0.0648 1.458 1.301, 1.447
The final refinement results using model 4 are given in Table 4-4 and Table 
4-5. The final difference profiles are shown in Figure 4-4, while the final 
displacively disordered average structure for BMN is shown in Figure 4-3. There are 
clearly strong qualitative similarities with the recently reported average structures of 
other Bi-pyrochlores [65] c.f, for example, Figure 2 with Figure 4 and 5 of [58]. 
Nonetheless, subtle differences, in particular the relative magnitudes of the refined 
displacement magnitudes off the 16d  and 8 b sites for the A and O' sites exist.
Though the refined disordered average structures given in Table 4-4 and Table 
4-5 for Bi1.667Mg0.70Nb1.52O7 (B M N ) and Bi1.667Nio.75Nb1.5O7 (B N N ) are by no means 
sufficient to define the different local configurations and associated displacive 
relaxations possible, they are nonetheless important as they define the broad 
structural parameters within which any modelling of the local structure must 
necessarily operate. For instance, the displacive shifts of the local A site cations
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away from the ideal pyrochlore A site positions should be of magnitude -0.41 Ä for 
both BMN and BNN and directed perpendicular to the local O'-^-O' axis. Likewise, 
any proposed local ordering of the Bi1 , Mg2 /Ni2 and D’s on the A sites as well as 
of the Mg27Ni2 and Nbv on the neighbouring B site positions must explain why the 
A ion shifts induced by the local chemistry are necessarily perpendicular to the local 
O'-A-O' axis.
b)
Figure 4-3 (a) The final displacively disordered average structure (Model 4, Table 4-4) for 
Bi1.667Mgo.70Nb1.52O7 (BMN) projected along a close to <110> direction. The corner- 
connected octahedral array represents the (Mgo^Nbo^ehOe sub-structure. The toroids of 
flat ellipsoids represent the six equivalent 96h A-site positions of the O'(Bi0.833Mg0.ii)2 
sub-structure. The tetrahedral clusters of ellipsoids represent the four equivalent 32e site 
positions for the displaced O' oxygens, (b) Shows an expanded view of one particular
0'(Bi0.833Mgo.ii)4 tetrahedron.
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Spacegroup Fd3m
a = 10.5653 A
= 5.38%
11 11 1 ii 11 11 I ii I ii III I II ii I ii 11 11 11 11 11 11 11 III
2 theta (deg)
Figure 4-4 The final resultant neutron powder profile fits for (a) BMN and (b) BNN. Both 
plots show the experimental data points (black crosses), the calculated profile fits (red 
line), the difference profiles for the refinements (green line) and the positions of allowed 
Bragg reflection (vertical blue bars on the bottom).
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4.3.4 Electron Diffraction Analyses
The 0'A2 sub-structure of the BMN and BNN cubic pyrochlores is clearly 
heavily displacively disordered as is apparent from Figure 4-3 above. Direct 
evidence as to the nature/origin of this displacive disorder is present in the form of 
characteristic structured diffuse intensity distributions most easily apparent in 
electron diffraction data. Figure 4-5, for example, shows (a) close to <1,1 ,-2>, (b) 
close to <6,-3,-1 >, (c) close to <-3,3,2> and (d) close to < -1 ,3 ,0  zone axis EDP's 
typical of the Bii.66(i)Mgo.70(3)Nbi.52(i)07, BMN, cubic pyrochlore phase while Figure 
4-6 shows (a) <-3,5,0>, (b) close to <2,2,-3> (c) close to < -1 ,5 ,0  and (d) close to 
<1,1,1> zone axis EDP's of the Bii.65(2)Nio.75(3)Nbi.50(p07, BNN phase. The first thing 
to note is that the observed highly structured diffuse distributions in both cases have 
distinct similarities to the structured diffuse distribution we have recently shown to 
be characteristic of a closely related Bi1.89Fe1.i6Nbo.95O6.95 cubic pyrochlore phase 
[69] (c.f, for example, Figure 4-5(a) with Figure 3(a) of [69] and Figure 4-6(b) and 
(d) with Figure 3(b) and (d) of [69]). Clearly the structural disorder characteristic of 
the latter Bi1.89Fe1.i6Nbo.95O6.95 cubic pyrochlore phase is closely related to that 
characteristic of the BMN and BNN cubic pyrochlore phases (and, coincidentally, 
quite dissimilar to that characteristic of BZN and BZN-related cubic pyrochlore 
phases - c.f. e.g. Figure 4-5 and Figure 4-6 with Figure 3 and 4 of [38]; see also 
Figure 2-7 above).
In the case of the Bi1.89Fe1.i6Nbo.95O6.95 cubic pyrochlore phase, the observed 
structured diffuse distribution took the form of {110}* sheets of diffuse intensity 
perpendicular to each of the six <110> directions of real space giving rise to diffuse 
streaking along all G ± e<A,-//,/>*, G an average structure Bragg reflection and 
E continuous, directions of reciprocal space. Very similar G ± £<h,-h,t>* diffuse 
streaking is also apparent in Figure 4-5 and Figure 4-6 e.g. along the G ± e<3,-1,1 >*, 
G ± £<l,-3,-l>* and G ± e<668>* directions of reciprocal space in Figure 4-5(a) or 
along the G ± £<10,-4,4>*, G ± £<-4,10,4>* and G ±£<668>* lines of reciprocal 
space in Figure 4-6 (b) etc. There are characteristic ‘extinction conditions’ associated 
with this diffuse streaking e.g. the G ±£<668>* diffuse streaking in Figure 4-6 (b) 
runs through the [hkl]*, h - k  = 4J, J an integer, parent Bragg reflections such as e.g. 
[6,-6,0]* but not through Bragg reflections such as [424]* etc. Such ‘extinction
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conditions’ along with the {110}* sheet form of the diffuse distribution are 
characteristic of essentially independent ^-cristobalite like tetrahedral edge rotation 
of the O'yf 2 sub-structure of the ideal pyrochlore structure type (as shown in Figure 
4-7(b)). Displacive disorder of this type is correlated in one-dimensional chains 
along one or other of the six possible <110> directions but not correlated from one 
such chain to the next in the transverse direction and thus gives rise to {110}* sheets 
of diffuse intensity as is observed experimentally. Clearly similar displacive 
modulations of the O '^  sub-structure must also be taking place on the local scale in 
both BMN and BNN.
While the EDP's shown in Figure 4-5 and Figure 4-6 are quite similar to 
those shown in [69], however, there are nonetheless also some noticeable differences 
- in particular, the linear G ± £<h,-h,l>* streaking that exists at the orientations 
discussed above seem to break up into curved arcs at other orientations (see, for 
example, Figure 4-5(d) in the case of BMN and Figure 4-6 (a) and (c) in the case of 
BNN). In the case of the G±e<535>* ‘streak’ (labelled with a white line) which 
should run through the G = [0,0,-8]* Bragg reflection in Figure 4-6(a), for example, 
it is clear that this is no longer a continuous streak but has rather broken up into 
curved segments that almost look like they are part of an essentially continuous 
diffuse circle centred on [0,0,-4]* (see the white circle in Figure 4-6(a)).
There is no clear explanation for the above observations. However, one 
possibility is that the presence of significant numbers of vacancies on the A site 
(implied by the stoichiometry of these BNN and BMN phases) may mean that the 
initially independent y^-cristobalite like tetrahedral edge rotations of the O '^  
sub-structure shown in Figure 4-7(a) are now somehow coupled together leading to a 
related but rather more complex diffuse scattering distribution than {110}* sheets of 
diffuse intensity perpendicular to each of the six <110> directions of real space.
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w S /P Ik* • RlBlrf’
Figure 4-5 (a) Close to <1,1,—2>; (b) close to <6,-3,-l>; (c) close to <-3,3,2>; and (d) close 
to <-l,3,0> zone axis EDPs of the Bii.66(1)Mgo.70(3)Nbi.52(i)07, BMN, cubic pyrochlore.
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Figure 4-6 (a)<-3,5,0>, (b) close to <2,2,-3> (c) close to <-1,5,0> and (d) close to <111> 
zone axis EDPs of the Bh.es i^Nio.zs i^Nbi.soiijOy, BNN, cubic pyrochlore. Note the highly 
structured, characteristic diffuse intensity distribution accompanying the Bragg 
reflections of the underlying pyrochlore type average structure.
4.3.5 Local Crystal Chemistry
In order to obtain insight into the local forces responsible for the structured 
diffuse scattering shown in Figure 4-5 and Figure 4-6 along with the implied 
displacive disorder shown in Figure 4-7, an understanding of the local crystal
chemistry of the underlying Fd3m average structures of the Bi1.66Mg0.70Nb1.52O7, 
BMN and Bi1.65Ni0.75Nb1.50O7, BNN, cubic pyrochlore phases is an indispensible 
first step. For this purpose, bond valence sum analysis [18,38,69] has been used. 
Given the average structure refinement results, the stoichiometry of the BMN cubic
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pyrochlore is written in the form (Bio.83oMgo.iiono.o6o)2(Mgo.24oNbo.76o)207 while that 
of the B N N  cubic pyrochlore is written in the form 
(B io.825N io.,25no.o5o)2(N io.25oNbo.75o)2 0 7, where the symbol □ represents a vacancy on 
the ideal pyrochlore /4-site.
(a)
(b)
Figure 4-7 The characteristic 1-d, ß-cristobalite type displacive disorder of the OVI2 
sub-structure (in brown) drawn relative to the surrounding B20 6 octahedral framework 
(outlined) sub-structure. The tetrahedral edge rotation axes run along the <1,-1,0> 
projection direction (a) shows a projection along <110> and (b) along <1,-1,0>.
The one unknown fractional co-ordinate in the ideal pyrochlore structure 
type, the x fractional co-ordinate of O, can be readily estimated using the bond 
valence sum approach [18,38,69] and the Ro parameters listed in [70]. The bond 
valence sum, or apparent valence AV, of an ion is determined by the distances to 
neighbouring ions of the opposite formal valence and can be readily calculated using
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the Ro parameters listed in [70]. Given the average occupancies of the B sites, the 
expected average B-O  bond length, R(B-O) should be such that
AV(B) = 6 x 0.240x exp]0 693’^ ? }  + 6 x 0.760 x expi0'911' ^ ^ }
= 0.240 x 2 + 0.760 x 5
= 4.280 (4-1)
where AV(B) is Apparent Valence (AV) [70] 
and
AV(B) = 6 x 0.25 x exp]0 '654' ^ ? }  + 6 x 0.75 x exp{(L911'% 37}
= '/4 x 2 + 3/4 x 5
= 4.250 (4-2)
in the cases of BMN and BNN respectively. This occurs for 1.9942 Ä in the case of 
BMN and R = 1.9891 Ä in the case of BNN.
An average R(B-O) bond length of 1.9942 Ä for BMN occurs for x = 0.3163 
given the relation between R(B-O) and x
R(B-0 ) = V{(x - 1/4)2+ 2 ( 1/8)2} x 10.5653 Ä. (4-3)
Likewise, an average R(B-O) bond length of 1.9891Ä occurs forx = 0.3163 
given a = 10.5354 Ä for BNN. The bond valence sum prediction for the value of x is 
thus ~ 0.3163 for both BMN and BNN. This particular value of x is in rather good 
agreement with the experimentally refined values for x (of 0.3198(1), in the case of 
BMN, and 0.3199(1) in the case of BNN) and is used in what follows.
With this choice of x, the ‘average’ B cations are reasonably well bonded in 
the average pyrochlore structure (see Table 4-8 and Table 4-9), particularly given 
that additional small amplitude relaxations of the O array (away from the Mg“ /Ni 
ions and towards the Nb5 ions) associated with the local distribution of Nbv and
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Mg27Ni2 on the B sites can be expected to simultaneously reduce the initial 
overbonding of the Mg2 /Ni2 ions and underbonding of the Nb5' ions.
For Nb5 in the B site, the ideal B-O distance R(Nb-O) is given by that 
distance which corresponds to an apparent valence [70] of 5/(,. From [70], this 
distance is given by
rt(Nb-O) = 1.911 -  0.37 ln (5/6) = 1.9785 Ä. (4-4)
For Mg27Ni2 in the same B site, the equivalent ideal B-O distances are
R(Mg-O) = 1.654/1.693 -  0.37 In (2/6) = 2.0995 (4-5)
tf(Ni-O) = 1.654/1.693 -  0.37 In (2/6) = 2.0605 (4-6)
Note, however, that both the Bi3 and Mg27Ni2 ions are significantly 
under-bonded in the ideal pyrochlore ^4-site, particularly the latter Mg /Ni ions 
which are under-bonded by a massive 59.75%/63.2% respectively. This massive 
under-bonding of the Mg2 /Ni2 ions is the reason why the latter Mg2 t/Ni2 ions are 
conventionally considered to be too small to occupy the pyrochlore ^-sites.
Table 4-8 Bond Valence Sums (AV's) for the cubic pyrochlore average structure of BMN
A B AVf4) AV(£) AV(O) AV(O')
Bi Nb 2.354 4.796 1.991 2.352
Bi Mg 2.354 2.661 1.280 2.352
Mg Nb 0.805 4.796 1.733 0.804
Mg Mg 0.805 2.661 1.021 0.804
Now consider the second OA2 tetrahedral comer-connected substructure of 
anti-cristobalite structure type (see Figure 1-1). The O' anion in this sub-structure is
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tetrahedrally co-ordinated by 4 A cations at an average distance R(0'-A) = (V3/8)# = 
2.2875/2.2810 Ä determined solely by the cubic lattice parameter a. The introduction
T 4 . 1 ~ 1-4
of d ’s onto the A sites to accompany the majority Bi and minority Mg /Ni 
cations considerably complicates the local crystal chemistry, not only because it 
creates a much wider range of potential local [A4] stoichiometries but also because 
their presence or otherwise significantly affects the AV of the O' anions which it 
neighbours and hence the driving forces for local displacive disorder of the Bi3 and
9 -4-
minority M g^/N f cations.
Table 4-9 Bond Valence Sums (AV's) for the cubic pyrochlore average structure of BNN
A B A V (A ) A V (B ) A V (O ) A V (O ')
Bi Nb 2.392 4.858 2.019 2.387
Bi Ni 2.392 2.426 1.208 2.387
Ni Nb 0.736 4.858 1.742 0.735
Ni Ni 0.736 2.426 0.932 0.735
Table 4-10 and Table 4-11 list the calculated AV of a centreing O' anion 
depending upon the local [A4] stoichiometry of the tetrahedron of cations 
surrounding it. The probability of that particular configuration occurring (under the 
unlikely assumption of random ordering of the Bi3+, Mg2f/Ni2 and d ’s  on the ideal 
pyrochlore A site) is also given. While not all theoretically possible local [A4] 
stoichiometries are listed (only those with two Bi ions or more are listed), those that 
are listed account for over 98 % of those theoretically possible. For the most likely 
[Bi4] or [B13M] configurations (~ 70 % of the time) it can be seen that the centreing 
O' anion is either happily bonded or over-bonded implying that the under-bonded 
Bi1 and Mg2 /Ni2 cations cannot improve their significant under-bonding by 
moving closer to the O' anions but must instead move off-centre perpendicular to the 
local O'-Bi-O' axis, as is ensured by the /?-cristobalite type displacive distortion
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shown in Figure 4-7 and implied by the structured diffuse scattering apparent in 
Figure 4-5(a), Figure 4-6(b) and (d).
T able 4 -1 0  AV's for O' d e p e n d e n t  u pon  local [A4] s to ich io m etry  for BMN
[B i4l | B i 3M g l [B i3n ] l B i 2M g 2l | B i 2M g , n , ] | B i 2n 2l
AX{0'}[A4] 2.352 1.965 1.764 1.578 1.377 1.176
P r o b .  P 0.486 0.198 0.186 0.030 0.057 0.027
T able 4 -1 1  AV's for O ’ d e p e n d e n t  u pon  local [A4] s to ic h io m e tr y  for BNN
[ B i 4 ] [ B i 3N i j [ B i 3D] [ B i 2N i 2] [ B i z N i i d i ] [ B i 2D 2j
AX{0'}[A4] 2.387 2.071 1.790 1.559 1.376 1.194
P r o b . P 0.463 0.281 0.112 0.064 0.051 0.010
When either a single □ or more than one non-Bi ion is present in the local 
[A4] configuration, however, the O' anion becomes significantly under-bonded 
allowing it to move directly towards the also under-bonded A cations thus improving 
the under-bonding of all ions involved. The presence of a significant concentration 
of d ’s on the A sites of these misplaced-displacive cubic pyrochlore ...” phases 
[20] thus seems to play a crucial role as far as the displacive disorder of the materials 
is concerned.
Now consider the [A2B2 ] co-ordination environment of the O ions. Table 4-12 
and Table 4-13 list the calculated AV of a centreing O anion depending upon the 
local [A2B2 ] stoichiometry of the tetrahedron of cations surrounding it. The 
probability of that particular configuration occurring (under the unlikely assumption 
of random ordering) is also given. While again not all theoretically possible local 
[A2B2] stoichiometries are listed (only those with at least one Bi occupying an A site 
are listed), those that are listed account for over 90 % of those theoretically possible.
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It can be seen that the AV of an O ion depends most significantly on the identity of 
the two B site cations to which it is bonded, being significantly under-bonded if one 
or other of these two B sites is occupied by a Mg /Ni cation and essentially 
happily bonded if both are occupied by a Nb5' cation.
Table 4-12 AV's for O dependent upon local [A2B2] stoichiometry for BMN
| B i 2N b 2] | B i 2N b M g | [ B i M g N b 2l I B i M g N b M g ] [ B i D N b 2] [ B i d N b M g l
AV{0}[/f25 2] 1.991 1.635 1.862 1.506 1.795 1.439
P rob . P 0.408 0.251 0.083 0.051 0.078 0.048
Table 4-13 AV's for O dependent upon local [A2B2] stoichiometry for BNN
[B i2N b 2J [B i2N b N i ] | B i N i N b 2] [B iN iN b N i] ( B i n N b d I B i a N b N i ]
AV{0}lA2B2l 2.019 1.614 1.881 1.475 1.819 1.414
P rob . P 0.383 0.255 0.116 0.077 0.046 0.031
Given that the under-bonded A site cations, in the majority of cases, must 
move off-centre away from the local O'-A-O' axis towards some (but simultaneously 
away from other) O ions, it would seem to make most crystal chemical sense for 
them to move away from the O ions that are bonded to 2 Nb 5-site cations and 
towards those that are bonded to 1 Nb and one Mg /Ni cation. Bond valence sum 
considerations show that a transverse shift of the A cation of ~ 0.65 Ä in the case of 
Bii 65Ni0.75Nb1.50O7 can increase the AV of the initially under-bonded Bi ion from 
2.39 to 3.05. The equivalent effect in the case where A = Ni is, however, much more 
modest with the Ni AV only increasing from 0.74 to 0.94. It seems that such a large 
amplitude transverse displacement of the A cation is not the way to significantly 
improve the drastic under-bonding of the Mg2 /Ni2 cations in these structures. 
Following [38], it is suggested that the only way to significantly improve the drastic
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under-bonding of the Mg27Ni2' cations in these materials is for the two O' anions
2 +  2"bbonded to it to both significantly contract in towards the Mg" /Ni" cation.
In the case of BZN and BZN-related Bi-pyrochlores, where the concentration 
of the small, heavily under-bonded M11 = Zn ions on the pyrochlore A site approaches 
25 % and where the concentration of D’s on the A sites is sufficiently small, Liu et al 
[38] recently suggested a crystal chemically reasonable explanation in terms of 
1 /4 < 112> inter-tetrahedral Zn-Zn separation distances from one O'BfZn tetrahedra 
to the next (see Figure 6 of [38]). In the cases of BMN and BNN, however, where 
the concentration of the small, heavily under-bonded M  = Mg or Ni ions on the 
pyrochlore A site is much more like 11-12% rather than 25% and where the 
concentration of □’s on the A sites is ~ 5 %, the explanation for the observed highly 
anisotropic displacive disorder on the A site is not so obvious. The structured diffuse 
scattering of BMN and BNN in section 4.3.3 shows that ß-cristobalite-like O'Aj 
tetrahedral edge rotation modes play an important role.
The severe underbonding (~ 60 %) of the small Mg/Ni ions on the pyrochlore 
A site of BMN or BNN (see bond valence calculation in section 4.3.5), regardless of 
whether or not they are presumed to displace perpendicular to the local O'-^-O' axis, 
can clearly only be remedied by O' displacements directed towards the Mg/Ni ions. 
Crystal chemical considerations in section 4.3.5 suggest that the magnitude of these 
shifts need to be substantial, ~ 0.5 Ä in the case of BMN and BNN. The refined O' 
shift from Table 4-4 and Table 4-5 are a bit smaller at -0.35 Ä/ -  0.37 Ä. Note, 
however, that these latter shifts represent the centres of rather large displacement 
ellipsoids (see Figure 4-3(b)). The presence of -  5 % d ’s  on the A sites, however, 
complicates matters considerably. When an O' ion is surrounded by either 4 Bi’s of 3 
Bi’s and one Mg or Ni ion (the most likely local configurations), the centreing O' ion 
is either happily bonded or over-bonded implying that the significantly under-bonded 
Bi and heavily under-bonded Mg or Ni ions cannot improve their under-bonding by 
moving closer to the O' ions but must instead move perpendicular to the local O'-A- 
O' axis. When an O' ion is surrounded by 3 Bi’s and one □ (a reasonably common 
likelihood), however, the centreing O' ion will be under-bonded (see Table 4-10 and 
Table 4-11) and hence will move away from the □ and towards the remaining three 
Bi ions.
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Finally, it is important to point out that the ß-cristobalite-like O A 2 tetrahedral 
edge rotation modes implied by the observed structured diffuse scattering and shown 
in Figure 4-7 involve both tetrahedral rotation as well as rigid body translation of the 
O'A 2 tetrahedral sub-structure relative to the B2O6 octahedral sub-structure. Given 
that the 0'(Bi o.83Mg 0.11)2 tetrahedral sub-structure of BMN has a formal charge of 
+3.42 while the 0'(Bio.83Nio.i25)2 tetrahedral sub-structure of BNN has a formal 
charge of +3.48, it is clear that these large amplitude displacive modes of distortion 
are inherently polar and thus capable of responding to an applied external electric 
field. The dielectric properties of BMN and BNN were thus investigated.
4.3.6 Dielectric Properties
Pressed pellets of the BMN and BNN samples (diameter 12 mm, thickness 
1 mm, and relative density > 95%) were polished on both sides and coated with 
silver paste for dielectric measurement using the high precision LCR meter 
(HP4284A) and environmental box described in Chapter 3 above over the 
temperature range from 325 K down to liquid nitrogen temperature, ~ 90 K.
The measured dielectric permittivities as well as dielectric loss tangents of the 
BMN and BNN samples as a function of applied frequency up to 1 MHz at room 
temperature (a for BMN, b for BNN) are shown in Figure 4-8. The largely frequency 
independent, measured permittivities of BMN and BNN of 151 and 116 respectively 
at room temperature are quite respectable and both ~ 3-4 times higher than those 
reported for Bi 1 sMgNbi.sCb and Bi1.5NiNb1.5O7 by Sirotinkin and Bush [58]. 
(Cann eta/. [21] reported rather more similar dielectric permittivities (at 1 MHz) of 
210 and 122 for Bi2(Mg2/3Nb4/3 ) 0 7  and Bi2(Ni2/3Nb4/3 ) 0 7  respectively). The 
measured dielectric loss tangents are also desirably low (e.g. 0.00065 and 0.00042 
respectively at 100 kHz - see Figure 4-8 (a) and (b).
Figure 4-9 shows the measured dielectric permittivities and dielectric loss 
tangents of the BMN and BNN samples at 1 kHz, 10 kHz, 100 kHz and 1 MHz as a 
function of temperature from ~ 325 K down to liquid nitrogen temperature i.e. 
~ 90 K. The low temperature frequency dispersive behaviour characteristic of 
Bi-pyrochlores is clearly apparent [21] with the maximum in both the dielectric 
permittivity and the dielectric loss tangent moving to higher temperature with
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increased measurement frequency. Note that the peak in the dielectric loss curve at 1 
MHz occurs at Tm ~ 112 °K in the case of BMN and at ~ 130 °K in the case of BNN. 
At 1 MHz, the maximum in the dielectric permittivity is ~ 172 at ~ 190 K in the case 
of BMN and ~ 118 at ~ 220 K in the case of BNN. In the case of BNN, there is some 
indication that that the dielectric loss versus temperature curve below Tm does not 
simply reduce towards zero on further lowering of temperature but rather may be 
entering a plateau region in the vicinity of the lowest temperature obtainable.
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Figure 4-8 The measured dielectric permittivities as well as dielectric loss tangents of the 
BMN and BNN samples as a function of applied frequency up to 1 MHz at room 
temperature (a for BMN, b for BNN).
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Figure 4-9 The measured dielectric permittivities as well as dielectric loss tangents of the 
BMN and BNN samples as a function of applied frequency at 1,10,100 kHz and 1 MHz as 
a function of temperature from ~ 325 K down to liquid nitrogen temperature, i.e. ~ 90 K
((a) for BMN, (b) for BNN).
4.4 Summary
In summary, single phase BMN and BNN, Bi-based, cubic pyrochlores have 
been synthesised and their compositions confirmed by quantitative EPMA in 
conjunction with Rietveld analysis of their underlying average structures. The
(B io.833M go.llD o.06)2(M go.24Nbo.76)207 and (B io .833N io.l25d0.04)2(N io.25N bo.75)207 (□ a
vacancy) compositions found are not compatible with either the B ^ M ^ N b ^  4/3)07, 
(M = Ni and Mg) composition proposed by Golovshchikova et al. [22] and Cann et 
al. [21] or the (Bii 5 A^o.s-sX A '^o.sNbi.5)07.5 composition proposed by Sirotinkin and 
Bush [58]. The composition of the BNN phase, however, is in agreement with the 
phase analysis investigation of the ternary Bi203-Ni0-Nb20s system recently
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reported by Valant and Suvorov [67] provided the composition they reported for the 
BNN phase is re-normalised to seven oxygens.
Average structure refinements show that the O A 2 tetrahedral sub-structure is 
heavily displacively disordered. Electron diffraction shows that this displacive 
disorder arises from essentially independent /?-cristobalite like tetrahedral edge 
rotation and (inherently polar) rigid body translation of the O A 2 sub-structure of the 
ideal pyrochlore structure type. Displacive disorder of this type is correlated in 
one-dimensional chains along one or other of the six possible <110> directions but 
not correlated from one such chain to the next in the transverse direction and thus 
gives rise to {110}* sheets of diffuse intensity as observed experimentally. Bond 
valence sum analysis is used to attempt to rationalise the observed behaviour in 
terms of the local crystal chemistry. Finally the dielectric behaviour of both the 
BMN and BNN phases are reported. Low temperature dielectric relaxation behaviour 
is found in both cases.
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Chapter 5: The 
Stoichiometric 
Bismuth based 
Pyrochlores 
Bi2WiIINb07, 
M= In and Sc.
In this chapter, two Bi-based niobate pyrochlore phases which have both 
previously been reported to occur at the ideal Bi2(MIIINbv) 0 7 
stoichiometry without any compositional disorder on the pyrochlore A 
site, namely the Bi2InNb07 (BIN) and Bi2ScNb07 (BSN) pyrochlore 
systems, are examined in order to establish whether or not A site 
stoichiometric, Bi-based niobate pyrochlores can really exist, to study 
the inherent displacive disorder therein and to investigate the nature o f 
their dielectric relaxation properties.
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5.1 Introduction
As mentioned in Chapter 1, the composition of the Bismuth-based niobate 
pyrochlores that are the subject matter of this Chapter have traditionally been 
assumed to be fixed and of ideal stoichiometry B^A^NbC^, or A/^'NbCVO'B^ 
[21,22]. As also mentioned above, however, the true cubic pyrochlore phase in many 
such systems has recently been shown to often be a solid solution, significantly Bi- 
deficient with respect to the above traditional stoichiometries and to require the 
presence of nominally too small M3 cations on the A as well as the B sites of the 
ideal A2B2O7 pyrochlore structure type (see e.g. [17,20,28,62,68]). They have thus 
recently been christened ‘misplaced-displacive’ cubic pyrochlores [2 0 ].
On cooling to low temperatures (~ 70-250 K), they typically exhibit an 
anomalous, frequency dispersive, step-like decrease in the real part of the dielectric 
permittivity along with a correlated, broad, frequency-dependent peak in the 
imaginary part of the dielectric permittivity [21,22,65,66,68,71,72]. Similar 
behaviour has recently also been reported for a non-Bi containing, ~ 
Ca1.47Ti1.47Nb].04 O 7  ‘misplaced-displacive’ cubic pyrochlore (investigated in Chapter 
6 ). Such low temperature dielectric relaxation behaviour is strongly reminiscent of 
the behaviour of relaxor ferroelectrics [21,65,66,71,72] as well as of electric dipolar 
and quadrupolar glasses (such as e.g. Rbi,v(NH4)xH2P0 4  [21,26,73]). The low 
temperature peak in the imaginary part of the dielectric permittivity (at Tm) in the 
MHz region typically moves systematically to higher temperature upon increasing 
frequency. Indeed, its positioning (at room temperature) practically rules out the 
room temperature use of many of these Bi-based pyrochlores in the commercially 
important RF/MW frequency range [21]. It is therefore of some considerable 
importance, from both the fundamental as well as applied points of view, to be able 
to identify and understand the structural origin of the dipole moments as well as the 
glassy dielectric relaxation behaviour of these dipoles.
While the dipolar origin of the anomalous relaxation behaviour has yet to be 
clearly identified, it is apparent that the displacive disorder associated with the 
tetrahedral O '^  sub-structure (see e.g. Figure 4-3 above), and not simply the 
presence of a polarisable lone pair cation such as Bi3 on the pyrochlore yl-site (see 
Chapter 4 and [74], is intimately involved [65,66,71,72]. The current prevailing view 
seems to be that the “ ... relaxation stem(s) from the (random) hopping of
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dynamically disordered A and O' ions among (discrete but) closely spaced possible 
positions ...” [65] (see e.g. Figure 4-7 above). In this context, the recent density 
functional theory (DFT) calculations on the displacively disordered BUT^Cb 
pyrochlore suggesting the presence of multiple possible displacement sites and that 
the hopping is far from random [26] are interesting.
Whether this displacive disorder (hopping) is inherent or induced by chemical 
disorder, in particular on the pyrochlore A site, however, is far from clear e.g. in the 
case of the BZN pyrochlore it has been stated that “... the partial substitution of Zn 
ions for Bi ions leads to more than one equivalent potential minima at the A sites and 
... to the dielectric relaxation ...” [72]. By contrast, the inherent displacive disorder in 
the pure Bi on A site, BbTbCb pyrochlore [26,75] shows that displacive disorder can 
certainly exist without chemical disorder on the 0'^2 sub-structure. Unfortunately, 
the method of synthesis of this BUT^Cb pyrochlore rules out the preparation of a 
sufficiently dense sample to measure whether a low temperature dielectric relaxation 
also exists in BUTUCb [75] as a result of this inherent displacive disorder.
Given the recent discovery [76] that many, if not most, Bi-based niobate 
pyrochlores do not in fact form at the nominally ideal B bbT /^N b^^C b  or 
Bi2(ATlllNbx)07 pyrochlore type compositions [21] but rather form so-called 
‘misplaced-displacive’ pyrochlore solid solutions with up to ~ 25% of the A site 
positions being occupied by nominally too small, typically B site cations 
[17,18,20,68,69], it might seem that the displacive disorder induced by the 
misplacement of the traditional B site cations onto the A sites (i.e. by chemical 
disorder) might be causally connected with the low temperature dielectric relaxation 
behaviour. If this were the case, however, the large amplitude displacive disorder 
and associated low temperature dielectric relaxation behaviour should not occur 
unless compositional disorder is present on the pyrochlore A site i.e. unless a cation 
other than Bi occupies the A site. It therefore becomes important to investigate the 
role of chemical disorder in the O'A2 sub-structure on the displacive disorder and 
dielectric behaviour of these systems.
The object of this chapter, therefore is to investigate the composition, inherent 
structural disorder and low temperature dielectric properties of two particular Bi- 
based niobate pyrochlore systems which have both previously been reported to occur 
at the ideal B^Af^Nb^Cb stoichiometry without any compositional disorder on the
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pyrochlore A site, namely the Bi2lnNb07 (BIN) and Bi2ScNb07 (BSN) pyrochlore 
systems [21]. The purpose is, firstly, to establish whether or not A site 
stoichiometric, Bi-based niobate pyrochlores can really exist; secondly, to use 
electron diffraction to investigate the nature of the displacive disorder therein and, 
thirdly, to re-investigate the dielectric relaxation properties of these A site 
stoichiometric, Bi-based niobate pyrochlores.
5.2 Sample Preparation
Bi2InNb0 7  (BIN) and Bi2ScNb0 7  (BSN) samples at the ideal nominal 
compositions were both synthesised via solid state reaction. The starting materials 
used were high purity Bi2C>3 (99.995 %, Koch-Light), In2C>3 (99.99 %, Aldrich), 
Sc20 3 (99.99 %, Hudson Lab.) and Nb2Os (99.9+ %, Alfa) respectively. The 
sintering temperature was 1050 °C and 1000 °C for the BIN and BSN samples 
respectively with a sintering time of 2 days.
5.3 Results
5.3.1 X-ray Powder Diffraction Results
Figure 5-1 and Figure 5-2 shows XRD patterns of both the BIN and BSN 
samples collected on a SIEMENS D-5000 diffractometer using Cu Ka radiation, 
respectively. No trace of an impurity phase could be found in either pattern. Rather, 
both samples were found to be single phase cubic pyrochlore to XRD, implying the 
nominal BLA^NbCL stoichiometry. The average structure of the BIN and BSN 
samples were indexed to the usual F d 3 m , fee cubic pyrochlore unit cell giving a = 
10.792(2) Ä in the case of BIN and a = 10.660(9) Ä in the case of BSN. Similar to 
the BMN and BNN samples (see section 4.3.1), the presence of weak reflections 
forbidden for the ideal pyrochlore structure type, such as the 248 reflection, in both 
cases is indicative of inherent displacive disorder in the O'A2 sub-structure (as 
pointed out by Birchal and others [ 17,20,28,31,32,33]).
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Figure 5-1 XRD patterns of the BIN samples collected on a SIEMENS D-5000 
diffractometer using Cu Ka radiation.
60
Figure 5-2 XRD patterns of the BSN samples collected on a SIEMENS D-5000 
diffractometer using Cu Ka radiation.
5.3.2 Electron Probe Microanalysis
In order to confirm the nominal B^A^NbC^ stoichiometry, the as-synthesised 
samples were further investigated by quantitative EPMA to check for homogeneity 
and composition, using BiNbQ*, SC2 O3 and InNbCU as calibration standards. Note 
that the typical accuracy o f quantitative EPMA using appropriate calibration 
standards is accepted to be ~ ±2 % relative (see e.g. [37]). In the case o f BIN, the 
sample was found to be homogeneous and single phase o f average composition
87
Synthesis, Structural & Dielectric Properties of some Metal Oxides Ceramics
Bi].98(2)Ino.99(2)Nbi.oi(2)07 (normalised to seven oxygens). In the case o f BSN, the 
sample was again found to be homogeneous and single phase o f average composition 
Bii,99(i)Sco.96(])Nb] o3(i)C>7. Both EPMA determined compositions are thus in 
agreement (within error) to the nominal starting stoichiometries. The quoted error 
bars represent the standard deviation from 20 separate spot analyses used to obtain 
the quoted average compositions. Thus the possibility o f A site stoichiometric, 
B^A^NbCb niobate pyrochlores, with Bi only occupying the A sites, is established.
5.3.3 Electron Diffraction Analyses
In order to investigate inherent displacive disorder in these samples, electron 
diffraction was carried out both at room temperature as well as at close to liquid 
nitrogen temperature (well below the peak in the imaginary permittivity at Tm, see 
Figure 5-5 below) searching for evidence o f structured diffuse scattering 
characteristic o f chemical and/or displacive disorder. Figure 5-3 shows typical 
(a) <1,-1,0>, (b)<-2,2,l>, (c)<-3,6 ,-l>  and (d) <5,1 ,-2> zone axis electron 
diffraction patterns (EDPs) o f BSN at room temperature while Figure 5-4 shows (a) 
<-1,-1,10> and (b) <-5,3,2> zone axis EDPs o f BSN at close to liquid nitrogen 
temperature. Essentially identical EDPs were also found for BIN (see [69,77]). 
Highly structured diffuse streaking is present in each EDP both above and below T m, 
always running along a <h,-h, />* direction o f reciprocal space orthogonal to one o f 
the six <110> directions o f the underlying average structure e.g. in Figure 5-3(b), 
diffuse streaking running along the [ 12,8,8]*, [8,12,-8]*  and [2,-2,8]* directions o f 
reciprocal space orthogonal to the [0,1,-1], [ 101] and [ 110] directions o f real space 
respectively is clearly apparent while, in Figure 5-4(d), diffuse streaking running 
along the [3,-5,5]*, [ l, -7 ,- l]*  and [155]* directions o f reciprocal space orthogonal to 
the [011], [ 101] and [0,1,-1] directions o f real space is likewise clearly apparent etc.
Such diffuse streaking collectively takes the form o f well-defined {110}* 
sheets o f diffuse intensity orthogonal to the six < 110> directions o f the underlying 
average structure. Essentially identical structured diffuse scattering was found to be 
characteristic o f BIN [69,77] as well as the close to A site stoichiometric B i2Ru2C>7.5 
[78] and (Bi].89Feo.n)(Fei.o5Nbo.95)06.95 (BFN) [25] pyrochlores. (Closely related but 
subtly different diffuse scattering has also been found in the more A site 
compositionally disordered (Bii.65Nio.25Üo.io)(Nio.5oNbi. 50)07 (BNN) and
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(Bii.67Mgo.i7no.i6)(Nio.47Nbi.53)07  (BMN) samples (see Chapter 4 above). The 
transverse polarised [78] nature of this characteristic structured diffuse distribution 
requires that the displacements responsible are both correlated as well as directed 
along the <110> directions without any correlation from one such <110> column to 
the next in the perpendicular direction as shown in Figure 4-7(b). Taken together 
with the diagnostic characteristic ‘extinction condition’ whereby the <hkl>* 
±£<h,-h,l>* sheets of diffuse intensity perpendicular to <110> are observed only 
when h+k = 4J, J an integer, the observed diffuse scattering can only arise from ß- 
cristobalite-like, correlated rotations and associated translations of chains of comer- 
connected O'BU tetrahedra, as shown in Figure 4-7 (b). Note that from the diffraction 
point of view, these polar dispiacive modes of distortion could be either static or 
dynamic in nature.
Figure 5-3 Typical (a) <1,-1,0>, (b) <-2,2,l>, (c) <-3,6,-l> and (d) <5,l,-2> zone axis electron
diffraction patterns (EDPs) of BSN.
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Figure 5-4 Typical (a) <-1,-1,10> and (b) <-5,3,2> zone axis EDPs of BSN at close to liquid
nitrogen temperature.
The superposition of all such correlated chain rotation modes gives rise to an 
instantaneous real space distribution (see e.g. [78, Figure 4(b)]) that is consistent not 
only with the observed structured diffuse intensity but also with the refined 
‘disordered’ average structures of such Bi-pyrochlores (see e.g. Figure 4-4(a)). In 
particular, it gives rise to strongly correlated O' and Bi displacements, to a flat disc-
like region of Bi occupancy perpendicular to the local O'-Bi-O' axis as well as 
individual O'Bu tetrahedra that are tightly constrained and rather closer to an ideal 
tetrahedron than the average structure might imply (see [78]). Note that the latter
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result suggests that the spin-ice rules found in complex Bi-based pyrochlores, 
where two-long and two-short bonds are found in each tetrahedron of 0 'B i4 ...” [26] 
and first proposed by Seshadri [79] in the context of ice are unlikely to be applicable 
in the case of displacively disordered (but non-chemically disordered) Bi- 
pyrochlores.
Note that the strongly anisotropic Bi distribution implied by correlated chain 
rotation modes and the observed diffuse distribution (see Figure 5-3 and Figure 5-4; 
see also [78]) is typically modelled in conventional powder diffraction analyses via 
split-site models around the ideal pyrochlore A site position as have commonly been 
reported (e.g. [17-19,68,69,75,77,80,81]). Usually this is modelled in terms of a 
single disordered site, typically either the 96g or 96/7 site. Various authors (see e.g. 
[18,68,75,81]), however, have pointed out that these two sites are virtually 
indistinguishable from the refinement point of view. Indeed, the recent DFT based 
investigation of the displacively disordered B^T^Oz pyrochlore predicted occupancy 
of 96g, 96/7 as well as 192/ sites [26]. Such results suggest that there may be no 
discrete disordered sites at all but rather an essentially continuous scattering density 
around the ideal pyrochlore A site position [81]. Such a viewpoint comes very close 
to the disordered /?-cristobalite type model (see [78]).
It is most important to note that the yÖ-cristobalite-like, correlated chain 
rotation modes required by the observed diffuse distribution involve rotation as well 
as rigid body translation of a nominally +4 charged 0'Bi2 column of tetrahedra along 
a <110> direction relative to the nominally -4 charged A7IIINbv06 octahedral 
sub-structure (see Figure 4-7) thus leading to a net dipole moment along the relevant 
<110> direction. The polyhedral connectivity of the constituent O'Bu tetrahedra in 
conjunction with the fact that the tetrahedral rotation is around a tetrahedral edge and 
not through the centre of the tetrahedron means that there need be no correlation in 
the sense of the rotation (and hence in the sign of the corresponding dipole moment) 
from one <110> chain to a neighbouring chain. The length in real space of these 
inherently 1-d dipolar chains (in essence 1-d polar nano regions, PNR's) must be 
reasonably long to be compatible with the sharpness of the {110} sheets of diffuse 
intensity in reciprocal space (see Figure 5-3 and Figure 5-4).
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The fact that the observed structured diffuse distribution takes the same form 
both above and below the peak in the imaginary part of the dielectric permittivity 
(see Figure 5-3 and Figure 5-4) does not mean that these 1-d PNR's are unrelated to 
the observed relaxor dielectric behaviour, in particular to the peak in the imaginary 
part of the dielectric permittivity at Tm (see Figure 5-5). Essentially identical 
behaviour, for example, has been observed in the case of the Ba(Ti]_xSnx)03 and 
Ba(Tii_xZrx)03, for x > 0.1, relaxor ferroelectric systems [82] and, more recently, in 
the case of a PLZT(7.0/60/40) sample close to the morphotropic phase boundary 
therein [83]. In each of these cases, the observed structured diffuse scattering arises 
from similar 1-d PNR's that are known to be directly related to the relaxor 
ferroelectric properties of the materials. The observed diffuse phase transition in 
these cases can thus only be attributed to a dynamic freezing or glass-like transition 
involving the slowing down of the dipolar dynamics of the 1-d PNR's [84] implied 
by the existence of the structured diffuse distribution [82-84].
The observed structured diffuse distribution implies that 1-d PNR's of the 
type shown in Figure 4-7 exist along all six <110> directions. As shown by the 
example of SiCE-cristobalite itself [85,86,87], it is possible for such a system to 
undergo a coherent structural phase transition on cooling i.e. for a particular RUM 
mode to condense out. Such a transition, however, usually requires the metric 
symmetry of the structure to be able to change in response. It is proposed that the 
rigidity of the A/11 NbC>6 framework sub-structure in the case of BIN and BSN 
prevents strain distortion of the O'B^ sub-structure itself and hence transverse 
correlation from one 1-d PNR to the next thereby giving rise to the glassy dielectric 
relaxation behaviour at low temperature and preventing the onset of long range 
ferroelectric ordering, even at the lowest possible temperatures. It is thus suggested 
that these intrinsically very low energy, correlated, chain rotation modes (analogous 
to the so-called Rigid Unit Mode (RUM) modes of ^ -cristobalite [85,86,87]) provide 
an important key to understanding the structural origin of the dipoles as well as the 
glassy relaxation behaviour of Bi-based niobate pyrochlores.
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5.3.4 Dielectric Properties
While the low temperature dielectric properties of BIN and BSN have 
previously been reported [21], they have not been reported for BIN and BSN 
samples that have been explicitly shown to have the ideal B^MNbO? stoichiometry. 
Figure 5-5 shows the measured temperature-dependent real and imaginary parts of 
the dielectric permittivity of the BIN and BSN samples as a function of applied 
frequency from 500 Hz up to 1 MHz (a for BIN, b for BSN). The real and imaginary 
parts of the dielectric permittivity of both BIN and BSN exhibit very similar 
temperature dependent dielectric relaxation behaviour to other non-stoichiometric 
Bi-based pyrochlores e.g. the temperature (Tm) at which the dielectric loss peaks 
shifts systematically to higher temperature as the measuring frequency increases 
while the magnitude of the dielectric loss at this peak, as well as its temperature- 
dependent width, also increase systematically with increasing frequency 
[20,21,65,66,68,71].
5.3.5 Raman Spectroscopy Analyses
Temperature-dependent micro-Raman spectra were also collected from 77 K 
up to room temperature (293 K) looking in particular for any evidence of some sort 
of structural phase transition in the vicinity of the peak in the imaginary part of the 
dielectric permittivity (see Figure 5-5). Figure 5-6 shows the measured micro Raman 
spectra of the BIN sample from 77 K up to 293 K. The mode assignments follow 
those given in McCauley [88], Note that the Bi-0 stretch band at ~ 350 cm'1 as well 
as the O-Bi-O band at ~ 220 cm'1 appear to shift slightly in frequency as well as to 
gain some oscillator strength on cooling to low temperature. While there are some 
subtle shifts like this in the frequency and strength of the observed modes on 
cooling, there is clearly no evidence in the Raman spectra for any well-defined 
‘phase transition’, in agreement with the observed temperature-dependent electron 
diffraction behaviour described above.
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Figure 5-5 The temperature-dependence of the real and imaginary parts of the dielectric 
permittivity of (a) BIN and (b) BSN at frequencies from 500 Hz to 1 MHz (c) the best fit to 
the maximum in the dielectric loss as a function of frequency for the BIN sample using
the relation f  = f 0 exp-(-y-)'1, where TEa = E jk  and zv = 1.9.
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Figure 5-6 The temperature dependent micro-Raman spectra of the BIN sample collected
from 77 K to 300 K.
5.4 Discussion
Despite similarities, an important difference in the dielectric relaxation 
behaviour of the A site stoichiometric, BIN and BSN, pyrochlores relative to that of 
the non-stoichiometric Bi-based pyrochlores is that the peak in the imaginary part of 
the dielectric permittivity as a function of frequency is shifted to higher temperatures 
in the cases of BIN and BSN e.g. Tm at 1 MHz = 225 K for BSN and 210 K for BIN 
but only 114 K for BMN, 133 K for BNN (see Chapter 4 above), 125 K for BFN 
[68], and -  110 K for BZN [65]. This is important in the context of the magnitude of 
the room temperature dielectric loss at RF/MW frequencies.
When the frequency dependence of the peak positions in the dielectric loss 
curves for BIN and BSN are modelled using the standard Arrhenius equation, 
completely unrealistic values are obtained e.g. an activation energy Ea -  0.559 eV 
(corresponding to a temperature of -6481 K) and an attempt jump, or freezing, 
frequency fo -  2.05 x 10 Hz in the case of BIN, significantly higher than the freezing 
frequency of both ionic lattice vibrations (~ 1013Hz) as well as free electron
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vibrations (~ 1016 Hz). Fitting using the Vogel-Fulcher equation gave no 
improvement. Following Cann et al. [21], the observed data were finally fitted via 
the relation:
/ = / 0e x p - ( ^ r  (5-1)
where Tßa = EJk and zv is a so-called dynamic scaling exponent [73,86] found 
to be ~2. Rather more reasonable activation energies, Ea, of 0.071 (0.072) eV and 
attempt jump frequencies of 6.48 (6.34) THz were then obtained for BSN and (BIN) 
respectively. Whether these particular values have any real physical meaning, 
however, is not at all clear.
As stated above, it is proposed that the intrinsically very low energy, 
correlated, chain rotation modes implied by the observed structured diffuse 
distribution and shown in Figure 4-7 provide an important key to understanding the 
structural origin of the dipoles as well as the glassy relaxation behaviour of these Bi- 
based pyrochlores. The near ubiquitous presence of essentially the same highly 
structured diffuse distribution in so many Bi-pyrochlores [69,77,78] supports this 
contention. At the very least, it means that the (random) hopping model 
[65,66,71,72] is quite untenable. It also strongly suggests that there is no direct, or 
causal, link between the chemical disorder and the existence of the dipole moments. 
In the case of y^-cristobalite itself, it is known that there exist numerous very low 
frequency RUM modes (see e.g. Fig.2 of [85]) which give rise to a very similar 
structured diffuse distribution as that shown in Figure 5-3 and Figure 5-4 and that the 
low frequency dynamics of the /?-phase are very similar to those found in network 
glasses [85,86,87]. In the case of the Bi-pyrochlores, it is clear that there also exist 
numerous very low, if not zero, frequency RUM-type modes.
5.5 Summary
In summary, it has been shown that A site stoichiometric, BblnNbCb (BIN) 
and BFScNbCb (BSN), Bi-based niobate pyrochlores can indeed really exist, that the 
inherent /?-cristobalite like structural disorder characteristic of so many Bi-based 
pyrochlores is also characteristic of BIN and BSN and that BIN and BSN also 
exhibit low temperature dielectric relaxation properties despite the absence of 
compositional disorder on the pyrochlore A site. It is proposed that the intergrowth of
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the octahedral and /?-cristobalite-like tetrahedral sub-structures in Bi-pyrochlores 
(see Figure 1-1) not only differentiates them from /Tcristobalite itself, it also 
constrains the overall metric symmetry to remain cubic and hence prevents the onset 
of long range ferroelectric order. The “phase transition” represented by the low 
temperature, frequency-dependent peak in the dielectric loss (see Figure 5-5) is thus 
not a conventional phase transition (as is clear from the electron diffraction data 
shown in Figure 5-3 and Figure 5-4 as well as the temperature-dependent micro- 
Raman data of Figure 5-6) but rather a dynamic freezing or glass-like transition 
involving the slowing down of the 1-d dipolar dynamics of the PNR's.
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Chapter 6: The 
Non-Bi based 
Pyrochlore -
Cai.5NbTii.5O7
(CNT)
In this chapter, the results o f a primarily synthesis and dielectric 
properties investigation o f a non-bismuth based, ‘misplaced-displacive ’ 
cubic pyrochlore, namely Caj^NbTi]5 O 7  (CNT), are presented. A new 
metallorganic synthesis route to CNT is developed which significantly 
lowers the required synthesis temperature and enables a fully dense 
sample suitable for dielectric properties measurements to be obtained. It 
is thereby established that the presence o f Bi on the pyrochlore A site is 
not required to obtain the low temperature dielectric relaxation 
properties characteristic o f the inherently disordered Bi-based 
pyrochlore systems.
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6.1 Introduction
The most common misplaced-displacive [20] cubic pyrochlorc phases known 
to date are almost invariably Bi-containing phases with the general formula 
(Bil 5.aAY05.p)(Nb, 5.YMo.5n)0 7 .5  (M = Zn2\  Ni2+, Fe3+, Mg2+, Co2+, Mn2+,...) [15-18, 
20,21,28,38,62,64,67,69,80]. The structure refinements of BMN, BNN reported in 
Chapter 4 and the other Bi-based pyrochlores to date [17,18,28,80] have all reported 
considerable displacive disorder associated with the 0 '^ 2  (or 0 'Bii.5_aMo.5-ß) 
sub-structure of the ideal A2B2O -1 (or B2 0 &0 'A-2)  pyrochlore structure type (see 
Figure 4-3). The remaining B2Oe, or Nbi.5_YMo.5+Y0 6 , sub-structure [18,28,64], by 
contrast, is typically found to be fully occupied and to exhibit very little displacive 
disorder. The apparently inherent compositional and displacive disorder of the 
0 'Bii.5_aMo.5-p sub-structure [18,38,64] is important to understand both from the 
fundamental point of view but also because it has been linked to the anomalous low 
temperature, glass-like dielectric relaxation behaviour observed in many of these 
systems [17,65].
Given that Bi has always been the dominant element on the ,4-site of these 
‘misplaced-displacive’ pyrochlores, it might seem that the observed low temperature 
relaxor dielectric behaviour [15-18,28,38,62,64-67,69,80,] of these phases is 
inextricably linked to the presence of Bi (with its lone electron pair) on the 
pyrochlore A site. It is therefore important to look for a misplaced-displacive cubic 
pyrochlore phase that does not contain Bi on the pyrochlore ,4-site and to investigate 
its low temperature dielectric behaviour to see whether or not this is the case. This 
chapter presents the results of a synthesis and dielectric properties investigation of 
such a candidate phase, namely Cai sNbTii.sCb (CNT).
6.2 Sample Preparation
The existence of a cubic pyrochlore phase in the ternary Ca0 -Nb2 0 s-Ti0 2  
system was first established via a careful phase equilibrium study by Jongjean and 
Wilkins [89]. They reported a cubic pyrochlore Ca1.5NbTi1.5O7 (CNT) phase with a 
cubic lattice parameter of 10.15 Ä, significantly smaller than the cubic lattice 
parameters characteristic of the Bi-based cubic pyrochlore phases. They also 
reported, however, that this CNT phase always melts during conventional solid state 
synthesis [89] making it difficult to obtain a fully dense sample suitable for dielectric
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properties measurements. In addition, the sample needed to be quenched from quite 
high temperatures (> ~ 1275 °C) making it unsuitable for LTCC applications. The 
first target of this investigation therefore was to investigate whether or not an 
alternative wet chemical synthesis route to CNT could be developed which would 
enable rather lower annealing temperatures and denser resultant ceramic samples. As 
a result of the above considerations, a metallorganic decomposition (MOD) process 
to synthesise Ca1.5NbTi1.5O7 was developed rather than the conventional solid state 
reaction process.
The description of this MOD process has already been presented in Section 
2 .2 . 2  of this thesis and will not be repeated again here suffice it to say that a final 
sintering temperature of only 1000 °C was required in order to achieve a well- 
crystallised, relatively dense single phase sample. This is much lower than the 
greater than 1275 °C annealing temperature reported by Jongjean and Wilkins [89]. 
A 1 mol. % CuO additive was also added to some preparations during the regrinding 
process to improve the sintering properties, increase the density (and reduce the 
porosity) of the resultant samples. The pellets with the 1 mol. % CuO additive 
(CNT1) showed 95 % density (relative to theoretical density), significantly higher 
than the 87 % density of the pellets without the CuO additive (CNT2).
6.3 Results and Discussion
6.3.1 X-ray Powder Diffraction Analyses
The obtained samples were carefully investigated via X-ray powder 
diffraction using a Guinier-Hägg camera and high purity Si powder as an internal
standard. Both samples were found to be single phase, F d 3 m , cubic pyrochlores 
using a standard 2 hour exposure. The average structure unit cell dimension for both 
the CNT 1 and CNT2 samples was a = 10.2171(3) Ä, larger than the value of 10.15 Ä 
which previously reported by Jongjean and Wilkins [89] (the observed reflections 
are given in Figure 6-1 and Table 6-1). The slight difference in lattice parameter 
suggests the existence of a narrow cubic pyrochlore solid solution field centred close 
to the nominal Ca1.5NbTi1.5O7 composition of the CNT phase. This has recently been 
confirmed by a more recent phase analysis investigation [74]. Exposing for a much 
longer period of time (4 hours), a few very weak additional lines appeared in both
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samples CNT1 and CNT2 which could not be indexed to the cubic pyrochlore CNT 
phase (denoted by the asterisks in Table 6-1) - indicating the presence of a trace 
amount of an unknown impurity phase.
Figure 6-1 X-ray diffraction pattern of the CNT1 sample drawn from measured Guinier 
films and estimated intensities taken from Table 6-1 (* denotes four very weak lines 
belonging to an unknown second phase).
6.3.2 Electron Probe Microanalysis
Figure 6-2 shows a typical SEM micrograph of the as-synthesised CNT1 
sample with the 1% CuO oxide additive. The sample is clearly quite dense, in 
agreement with the high resultant density directly measured. No second phase was 
apparent in the SEM micrographs. The grains are well crystallised and present a 
consistent grain boundary morphology, suggesting the formation of a single phase. 
The grain sizes are generally less than 5 pm. Small grains appear near the grain 
boundary regions, implying the growth mechanism of CNT is probably related to 
diffusion effects along the grain boundaries. Circular features are observed in the 
larger grains. This may arise from stress effects created when the small grains grow 
and come out from the grain boundary regions.
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Table 6-1 The average structure of the cubic pyrochlore CNT1 phase was indexed to the 
ideal cubic pyrochlore Fd 3 m space group and the obtained unit cell is a = 10.2171(3) Ä. 
Examination of heavily exposed Gunier XRD patterns indicated four very weak additional 
lines which could not be indexed to the CNT1 cubic pyrochlore phase (see the lines 
labelled with * in note). These lines were not visible on the standard two hour film 
exposures and only became visible when the X-ray film was exposed for more than four
hours.
No. h k l 2<90bs 2$calc A e dobs lobs
1 111 14 .994 15 .0 0 7 -0 .0 1 3 5 .9 0 3 9 30
2 — 2 1 .9 6 5 4 .0 4 3 3 3
3 - 2 3 .1 2 5 3 .8431 5
4 0 2 2 2 4 .6 3 5 2 4 .6 2 5 0 .0 1 0 3 .6 1 0 8 3
5 — 2 5 .3 4 8 3 .5 1 0 9 3
6 113 2 8 .9 8 3 2 8 .9 6 1 0 .0 2 3 3 .0 7 8 2 25
7 22 2 3 0 .2 7 3 3 0 .2 7 9 -0 .0 0 6 2 .9 5 0 0 100
8 — 3 2 .9 9 6 2 .7 1 2 5 3
9 0 0 4 3 5 .1 1 7 3 5 .1 0 4 0 .0 1 3 2 .5 5 3 4 30
10 133 3 8 .3 8 3 3 8 .3 7 1 0 .0 1 2 2 .3 4 3 3 2
11 2 2 4 4 3 .3 6 0 4 3 .3 5 1 0 .0 0 9 2 .0851 10
12 1 1 5 ,3 3 3 46 .131 4 6 .1 2 7 0 .0 0 4 1.9661 30
13 0 4 4 5 0 .4 8 9 5 0 .4 8 9 -0 .001 1 .8062 100
14 135 5 2 .9 7 9 5 2 .9 7 8 0 .001 1 .7 2 7 0 5
15 0 2 6 5 6 .9 5 0 5 6 .9 5 6 -0 .0 0 6 1 .6 1 5 6 3
16 335 5 9 .2 6 3 5 9 .2 5 8 0 .0 0 5 1 .5 5 8 0 5
17 2 2 6 6 0 .0 0 9 6 0 .0 1 3 -0 .0 0 3 1 .5 4 0 4 80
18 4 4 4 6 2 .9 8 4 6 2 .9 7 8 0 .0 0 6 1 .4 7 4 6 30
19 117, 155 6 5 .1 5 2 65 .151 0 .001 1 .4 3 0 7 20
20 1 3 7 ,3 5 5 7 0 .7 6 3 7 0 .7 7 5 -0 .0 1 1 1 .3303 30
21 0 0 8 7 4 .1 9 3 7 4 .1 9 0 0 .0 0 3 1.2771 3
22 0 6 6 , 22 8 7 9 .5 4 9 7 9 .5 4 3 0 .0 0 6 1 .2040 3
23 2 6 6 8 2 .1 7 4 8 2 .1 8 2 -0 .0 0 8 1.1721 4 0
24 04 8 8 4 .8 0 0 8 4 .8 0 4 -0 .0 0 4 1 .1 4 2 4 80
25 1 1 9 ,3 5 7 8 6 .7 5 4 8 6 .7 6 4 -0 .0 1 0 1 .1 2 1 6 30
Note: * denotes four very weak lines belonging to an unknown second phase.
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Given the presence of a trace amount of an unknown impurity phase in XRD, 
electron probe microanalysis (EPMA) was also performed to confirm the nominal 
Cai.5NbTi] 5O7 composition of the CNT, cubic pyrochlore phase. The analyses were 
carried out at 15 kV and InA using Zirconolite (CaZrTbO?), TiC>2, NbC^F as 
internal calibration standards. Both synthesised samples appeared to be homogenous 
with experimentally determined compositions of Cai.50(2)Tii.48(4)Nbi.02(3)(>7, very 
close to the nominal composition of Ca1.5Nb1.0Ti1.5O7.
Figure 6-2. SEM morphologies of CNT compounds with and without CuO.
6.3.3 Dielectric Properties
The obtained CNT1 and CNT2 pellets were polished and coated with silver 
paste on both sides, followed by a heat treatment at 550 °C to ensure good electrical 
contact. The dielectric properties of the pellets were then measured using a high- 
precision LCR meter (Agilent 4284A). Figure 6-3 shows the measured room- 
temperature dielectric properties of both samples as a function of applied frequency. 
The measured dielectric constant of the CNT1 sample (with the 1 mol. % CuO 
additive) was slightly increased relative to that of the CNT2 sample while its 
measured dielectric loss was slightly decreased relative to that of the CNT2 sample. 
The measured dielectric permittivity of the CNT1 sample at room temperature and 
100 kHz applied frequency was 103 and its corresponding dielectric loss 0.009, quite 
similar to the values found for BMN and BNN (see Chapter 4) as well as the 
reported dielectric properties of other Bi-based cubic pyrochlores [65,66,69].
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Figure 6-3 Room temperature dielectric constant and dielectric loss of the CNT 
compounds without (a) and with CuO additive (b) as a function of frequency.
Figure 6-4 The measured dielectric permittivity and dielectric loss of the CNT1 sample as a 
function of temperature measured at frequencies from 5 kHz up to 1 MHz
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Figure 6-4 shows the measured dielectric permittivity and dielectric loss of 
CNT1 as a function of both temperature and applied frequency. Frequency dispersive 
behaviour is clearly apparent in both the dielectric constant and dielectric loss 
spectra at temperatures lower than room temperature showing the relaxor dielectric 
behaviour of the Bi-based cubic pyrochlores is also characteristic of CNT without 
any Bi on the pyrochlore ,4-site. Note that the dielectric permittivity is relatively flat 
at higher temperatures but exhibits a steplike slowing down on lower temperature, as 
is also characteristic of the Bi-based ‘misplaced-displacive’ cubic pyrochlores 
[62,65,66,69,90],
Such behaviour is indicative of displacive motion requiring thermally 
activated hopping over a potential barrier which then freezes out at a sufficiently low 
temperature. Following a previous approach [65,66], the frequency dependence of 
the peak position in the dielectric loss curve (see Figure 6-4) was modelled using the 
basic Arrhenius type equation:
f, = Jo ex P ( - f r )  (6-1)
where:
f x = measuring frequency 
f 0 = relaxation frequency at infinite temperature 
Ea = represents an activation energy 
k = Boltzmann constant
T= temperature of the peak position in the dielectric loss curve at the 
particular measuring frequency
This type of approach should be valid provided that the potential barrier is 
uniform for all hopping charges and that the charges hop independently of one 
another. In this case, the model failed leading to an unrealistic value for Ea of ~ 
0.33eV (corresponding to a temperature of ~ 3844 K) and a freezing frequency fo of 
~2.35x 1014Hz .
106
Synthesis, Structural & Dielectric Properties of some Metal Oxides Ceramics
According to Nino et al. [66], this suggests that correlated hopping must be 
taken into account. The fitting to the observed data was therefore carried out using a 
modification to the above Arrhenius equation, namely the Vogel-Fulcher equation 
[65,66].
fr = fo eXP ( - I ( % ) (6-2)
where:
Tyf= non-zero freezing temperature of the relaxation.
In this case, the fitted value for Ea was ~ 0.148 eV (corresponding to a 
temperature Ea/k ~ 1715 K), that for fo was 1.77 Ea and TVf  was 58 K (as shown in 
inset of Figure 6-5). This fitted value for Ea of 0.148 eV in the case of CNT is very 
close to the fitted value for Ea of 0.136 eV reported for the Bi-based pyrochlore BZN 
by Nino [66] using data collected over the same frequency range used in this study. 
Kamba et al. [65] reported an Ea of 0.20 eV for BZN obtained from measurements 
taken over an even broader frequency range. These results suggest a similar 
polarisation relaxation mechanism exists in both CNT and the Bi-based pyrochlore 
BZN. Finally, note that the Tvf of CNT of ~ 58 K is rather higher than the value of Tvf  
in the case of BZN (-25-30 K [91]). This is consistent with the fact that both the 
peak in the dielectric loss as well as the steplike variation of the dielectric constant in 
the case of CNT occur at significantly higher temperatures than they do in the case 
of BZN.
10MHz
1MHz
g. 100kHz
10kHz
0.006 0.007 0.008 0.009 0.010 0.011
1/(T-Tf ) (K-1)
Figure 6-5 The measuring frequency as a function of 1/(T-Tf) obtained via fitting to the 
Vogel-Fulcher relation. T is the temperature of the peak position in the dielectric loss 
curve at the particular measuring frequency.
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6.3.4 Local Crystal Chemistry
In order to attempt to obtain some insight into the local forces responsible for 
the relaxor dielectric behaviour shown in Figure 6-5, some understanding of the local
crystal chemistry of the underlying Fd3m  average structure of the Ca1.5Nb1Ti1.5O7 
cubic pyrochlore phase is needed. Bond valence sum calculations [70,92] were thus 
again carried out based on an ideal (Cao.75Tio.25)2(Tio.5oNbo.5o) 2 0 7  cubic pyrochlore 
structure type with the A (or Cao.75Tio.25) ions on the 16d  site at V2, V2, V2; the B (or 
Ti0.50Nb0.50) ions on the 16c sites at 0, 0, 0; the O' ions on the 4 8 /sites at x, Vg, V g
'y t  t
and the O ions on the 8b sites at /g ,  / g ,  / g .  Note that all sites are fully occupied 
according to the EPMA determined composition. The only unknown fractional co-
ordinate, the x fractional co-ordinate of O', can be readily estimated using the bond 
valence sum approach and the Ro parameters listed in [93], Given the average 
occupancies of the B sites, the expected average B -0  bond length, R(5-0) should be 
such that:
AV(5) = 6 x 0.5 x exp{(,-815-R)/0.37} + 6 x 0.5 x exp{(,-911'R)/0.37} = 4.5
... (6-3)
in the case of (Cao.75Tio.25)2(Tio.5oNbo.5o)207. This occurs for R(5-0) = 1.9725 Ä. 
Given the relation between R(5-0) and x as
R(5-0) = V{(x -  V4)2 + 2 (V8)2} x 10.2171 Ä (6-4)
the value of x is predicted to be ~ 0.3276. (This is in rather good agreement with a 
value of 0.3237 reported for a closely related Ca1.46Nb1.nTi1.3gO7 sample reported 
very recently [74]).
With this choice of x, a bond valence sum calculation [89,92] was then 
carried out. As shown in Table 6-2, the octahedral Nb and Ti ions on the ideal 
pyrochlore 5-site positions are then very close to being ideally bonded. The Ca ion 
on the ideal pyrochlore ,4-site, however, is significantly over-bonded (~ 18 %) and 
thus would not be expected to move off-centre by contrast with Bi-based pyrochlore 
phases in which the majority Bi ion on the ,4-site is invariably significantly under-
bonded. Similarly to Bi-based pyrochlores, however, the minority (Ti) ion on the ,4- 
site is very significantly under-bonded (AV of 1.57 instead of 4). While the bond 
valence sum, or apparent valence (AV), of the O ions belonging to the octahedral
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(Tio.5oNbo.5o)206 sub-structure will obviously depend on the exact local A and B site 
distribution, it is nonetheless clear that they will be pretty happily bonded for most of 
the possible local configurations.
As for the Bi-based cubic pyrochlores, the disorder must clearly be primarily 
associated with the 0 'Ä2 tetrahedral sub-structure. Table 6-3 shows the calculated 
AV of the O' ion depending upon the local stoichiometry of the surrounding A4 
tetrahedra. It is clear that the preferred local tetrahedral stoichiometry should be 
0 'Ca3Tij. Note that the Ca ion is significantly over-bonded in the pyrochlore ,4-site 
whereas the Ti ion is very significantly under-bonded. This suggests that the 
centreing O' ion in each 0'Ca3Ti] tetrahedron would want to move away from the Ca 
ions and towards the Ti ion. No evidence for this could be found in the form of 
structured diffuse scattering in electron diffraction patterns despite looking for it.
Table 6-2: Bond valence sums calculation for the cubic pyrochlore average structure of 
(Ca0.75Tio.25)2(Tio.5oNbo.5o)207 and apparent valences (AVs) for O "  dependent upon local [A4]
stoichiometry
A B A\ { A ) A V(ß) AV(O') AV(Om)
Ca Nb 2.367 5.081 2.139 2.063
Ca Ti 2.367 3.92 1.752 2.063
Ti Nb 1.570 5.081 1.989 1.368
Ti Ti 1.570 3.92 1.602 1.368
Ca4 Ca3Tii Ca2TC Ca,Ti3 Ti4
AV(<9") 2.063 1.889 1.715 1.541 1.368
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Table 6-3: Bond valence sums calculation for the cubic pyrochlore average structure of
(Tio.75Ca0.25)2(Ca0.5oNbo.5o)207.
A B A V (,4 ) AV(B) A V ( O ) A V ( O ' )
Ti Nb 2 .3 4 5 3 .2 3 8 1.633 1.368
Ti Ca 2 .3 4 5 3 .7 6 7 1 .810 1.368
Ca Nb 3 .5 3 7 3 .2 3 8 1.915 2 .0 6 3
Ca Ca 3 .5 3 7 3 .7 6 7 2 .091 2 .0 6 3
6.4 Summary
In conclusion, a ‘misplaced-displacive’ (CaojsTio^sMTio.soNbo.sohCb (CNT) 
cubic pyrochlore without Bi on the pyrochlore A site has been successfully 
synthesised using a metallorganic (MOD) wet chemical process. This MOD process 
enables a much lower final annealing temperature to be used as well as resulting in a 
rather denser resultant ceramic sample. The resultant CNT samples were found to 
exhibit very similar low temperature relaxor dielectric behaviour to that found in 
BZN and other Bi-based cubic pyrochlore phases. This implies that the low 
temperature dielectric relaxation behaviour observed in Bi-based cubic pyrochlores 
is not solely due to the presence of Bi3 with its lone electron pair. Unlike BZN, 
BMN or BNN, no evidence for structured diffuse scattering in electron diffraction 
patterns could be found to give insight into the nature of the local crystal chemistry 
in the case of CNT.
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Chapter 7:
Synthesis and 
Dielectric 
Properties of the 
Non-stoichiometric
Ca,.vSm2v/3Ti03
In this chapter, the synthesis as well as the relationship between local crystal 
structure, microstructure and dielectric properties o f the (l-x)CaTi03.xSm2/3TiÖ3 or 
Cai.xSm2xßTiÖ3 (CST, 0 < x < ~ 0.6) system, are reported.
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7.1 Introduction
For ceramic materials to be useful for microwave (MW) dielectric applications 
three major requirements need to be satisfied: a reasonably high dielectric constant er 
(>~50), a high quality factor (Q*f) (~ 10,000 GHz) and a near-zero temperature 
coefficient of resonant frequency if (< ~ 10-20 ppm /K) [56]. Increasing the 
dielectric constant, ex, enables the size of ceramic dielectric elements to be reduced 
as well as the overall size of the telecommunications devices containing them. 
Increasing the quality factor of dielectric resonators and filters improves the signal 
quality as well as providing more bandwidth on increasingly congested wireless 
systems. Improving the temperature stability of the dielectric properties of promising 
electroceramic materials has always been vital for the reliable operation of devices 
and systems. Ideally, the temperature coefficient of the resonant frequency (Zf) 
should be as close as possible to zero. In practice, this is usually extremely difficult 
to achieve without significant degradation of one or other of the desired properties 
described above.
Obvious materials systems within which to search for such dielectric ceramics 
are titanate perovskite systems based on BaTi0 3 , SrTiCL and CaTiCL [94-101]. 
Whilst BaTiÜ3 has a very high dielectric constant, it also has a low Q*f value and a 
rather large Tf. Given the need for all three desirable dielectric characteristics to co-
exist simultaneously, SrTi0 3  and CaTi0 3 -based systems are much better candidate 
materials systems from this point of view. CaTi0 3 , for example, has both a high 
room temperature dielectric constant (~170) as well as a relatively high Q*f value 
(3,500 GHz) [102], Its Tf value (+850 ppm/K), however, is much too large [103-105]. 
The high initial starting dielectric constant of CaTiCL provides the possibility to tune 
its Q*f and if values whilst still maintaining a sufficiently high value of er. Various 
authors have attempted to tune the dielectric properties of CaTiC>3 by forming solid 
solutions of it with compounds such as the ReAKVs (Re: rare earth element e.g. 
La3", Sm3 and Nd'1') [106-111] or, more recently, the Re2/3Ti0 3 's (Re = La3 , Sm3 
and Nd3') [30,112-117]. The former systems tend to have too low a dielectric 
constant. The latter systems, however, have recently been reported to exhibit rather 
better dielectric properties that can be systematically varied with composition [ 118].
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Kim et a i, for example, recently reported [30] the existence of a wide range 
non-stoichiometric, perovskite-related solid solution phase in the Cai.xSm2v/3Ti03 
system over the composition range of x from 0 up to 0.6 with dielectric properties 
that varied systematically as a function of composition. The dielectric constant, ex, 
was reported to systematically reduce with increasing x while the Q*f factor was 
reported to increase. In a subsequent follow-up paper [118], it was shown that the 
temperature coefficient of resonant frequency, ex, also reduced with increasing x 
suggesting that the Cai,rSm2x/3Ti03, 0 < x <  0.6, system is a promising dielectric 
system. The increased value of Q*f with increasing x was attributed by Kim et al 
[118] either to increased concentration of vacancies (labelled with the symbol □ in 
what follows) on the nominal perovskite A site and/or increased A site ordering 
associated with Sm3 substitution. No evidence was reported, however, for any such 
A site and/or O/d  ordering in their paper. Note that the composition of the solid 
solution can be written in the general form (Cai-xSm2x/3n x/3)Ti03 if there are no 
oxygen vacancies and the Ti valence remains +4 across the solid solution.
The purpose of this chapter is to synthesise Cai.xSm^TiCL, 0 < x < 0.6, (CST) 
samples to look for evidence of Ca/Sm/D ordering via electron diffraction as well as 
to investigate the dielectric properties of the synthesised CST samples.
7.2 Experimental
Powder oxides of CaCCL (Hudson Laboratories, 99.999%), Sm203 (Aldrich, 
99.9%) and T i02 (Aldrich, 99.9%) were used as starting materials in the solid state 
reaction route. They were first mixed at the nominal stoichiometry and then 
homogenized through grinding in an agate mortar under acetone for 30 minutes. The 
resultant mixture was dried and calcined in air at 850 °C overnight, then at 1200 °C 
for 24 hours using a Pt-crucible as the reaction vessel. The resultant powder from 
this process was then ground under acetone, dried and pressed into 12 mm diameter 
x 1 mm height pellets (for dielectric measurements) and sintered in air at 1300- 
1500 °C for a further day. The resultant pellets were finally re-ground, re-pelleted 
and sintered at the same temperature for a further 2 days. It was found that some of 
the obtained pellets had black and grey dots on the surface, suggesting a trace of Ti3 
formation due, presumably, to an insufficient oxygen atmosphere within the muffle
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furnace at high temperature. Some samples were therefore also sintered in a 1 m long 
tube furnace under a (i) O2 and (ii) 75% N2+15% H2 gas flow at 1450 °C for 72 
hours to investigate the effect of an oxidising or reducing sintering environment on 
the resultant product.
7.3 Results and Discussions
7.3.1 Synthesis Conditions, Sintering, Density and Microstructure
All of the Cai.ArSm2.(/3Ti0 3  (CST, x = 0.1-0.6) samples obtained via the above 
solid state reaction route had a dark yellow colour and a relative density greater than 
92 % of theoretical density provided the final sintering temperature used was in the 
range 1350 °C to 1500 °C. Not surprisingly, the higher the sintering temperature the 
higher the density obtained as a result of grain growth and a decrease in the number 
of pores on increase of sintering temperature (see e.g. Figure 7-1). The average grain 
size was estimated from such SEM images to increase significantly from ~ 7 pm up 
to ~18 pm when the sintering temperature increased from 1350 °C up to 1450 °C. 
From 1450 °C to 1500 °C, there was only a slight further increase in average grain 
size noticeable. No obvious variation in average grain size and density with 
composition, x, was apparent from SEM micrographs of Ca\.xSm^/3Ti0 3  ceramics 
prepared under the same synthesis conditions. Thus grain growth does not appear to 
be influenced by the amount of samarium in the solid solution but rather is primarily 
determined by the final sintering temperature. Similar behaviour has recently been 
reported for the C ai-d^^T iC E  solid solution [113,119,120].
Samples sintered at the same temperature (1450 °C) in air and under an O2 
atmosphere (c f e.g. Figure 7-2(a) and (b)) show well-defined crystalline faceting and 
similar densities and morphologies. The sample annealed at the same temperature 
under a reducing 75%N2+15% FL atmosphere, however, showed a noticeable 
difference in its morphology (see Figure 7-2(c)) as well as a significant colour 
change (from yellow to black). The grains apparent in Figure 7-2(c) appear to have 
partially melted and the sample is clearly much more porous. Later XRD 
characterisation showed that the sample sintered in the reducing atmosphere had also 
changed structurally and was now a multi-phase sample.
114
Synthesis, Structural & Dielectric Properties of some Metal Oxides Ceramics
Figure 7-1 Secondary electron SEM images of the microstructures of thermally etched 
Ca0.7Smo.2Ti03 samples sintered for 3 hours at a) 1350 °C, b) 1400 °C, c) 1450 °C and
d) 1500°C.
Figure 7-2 SEM images of a Ca0.7Smo.2Ti0 3  sample sintered at 1450 °C for 72 hours under 
(a) air, (b) 0 2 and (c) a mixture of 75% N2+ 15% H2 environments.
7.3.2 Electron Probe Microanalysis
The nominal compositions o f the synthesised samples were also confirmed 
via quantitative EPMA. Multiple spot analyses were carried out at 15 kV and 1 nA 
using zirconolite (CaZrT^CE), titanium dioxide (TiÜ 2) and samarium 
pentaphosphate (Siu PsO m) as internal calibration standards. The synthesised samples 
(with x = 0.3, sintered in air and O2, see section 7.3.6.2), for example, were found to 
be homogenous (no visible secondary phases) with experimentally determined
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compositions of Cao.69(o.oi)Smo.2i(o.oi)Ti03, (arbitrarily normalized to three oxygens), 
in excellent agreement with the nominal composition Cao.7Sm0.2Ti03 i.e. 
composition control during the sintering process was not a problem for this particular 
ceramic system. The quoted error bars represent the standard deviation from 40 
separate spot analyses used to obtain the quoted average compositions.
7.3.3 X-ray Powder Diffraction
X-ray powder diffraction patterns of the CST samples sintered at 1450 °C for 
3 hours in air and oxygen were all single phase for compositions from x = 0.1 to x = 
0.6 and quite similar to those reported for the end-member compound, CaTiCb 
(ICDS card file number #42-0423 [121]. Note that these reported unit cell 
dimensions are used for the end-member x = 0 compound in the plots drawn below). 
The unit cell dimensions of the samples were all indexed to a V2ap x 2ap x V2ap 
(subscript p for parent perovskite sub-structure) orthorhombic phase with space 
group symmetry Puma (see Figure 1-3 above). This space group symmetry was 
confirmed by electron diffraction (see Section 7.3.4 below). Figure 7-3 shows a 
typical X-ray powder diffraction pattern of the x = 0.3, Cao.7Smo.2Ti03 (sintered at 
1450 °C for 3 hours) sample while Table 7-1 lists the indexation of this particular 
powder diffraction pattern.
100 
90 
80 
70
2  60
§ 50
I  40 
c
30 
20 
10 
0
10 20 30 40 50 60 70 80 90
20( ° )
Figure 7-3 X-ray powder diffraction pattern (taken on a Siemens D-5000 diffractometer) 
of the x = 0.3, CST1 sample sintered at 1450 °C for 3 hours.
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Table 7-1: X-ray powder diffraction data for Ca0.7Smo.2Ti03 sample sintered at 1450 °C for
3 hours (space group #62 Pnma 0=5.426(2) k,b= 7.644(2) Ä,c=5.394(2) Ä, V= 223.71(2) A3)
N o . h k / 2 0 0 bs 2 0  ca lc \ 0 d o b s I o b s ( % )
1 1 0 1 2 3 .3 9 7 2 3 .2 5 4 - 0 .1 4 3 3 .7 9 9 2 .3
2 1 1 1 26 .1 3 1 2 6 .0 4 6 - 0 .0 8 5 3 .4 0 7 2 .4
3 2 0 0 3 3 .0 5 0 3 2 .9 8 2 - 0 .0 6 8 2 .7 0 8 2 4 .7
4 1 2 1 3 3 .2 1 0 3 3 .2 5 8 0 .0 4 8 2 .6 9 6 100 .0
5 2 1 0 3 5 .1 3 9 3 5 .0 6 3 - 0 .0 7 6 2 .5 5 2 1.3
6 2 0 1 3 7 .1 1 3 3 7 .0 7 0 - 0 .0 4 3 2 .4 2 0 0 .9
7 1 0 2 3 7 .3 1 2 3 7 .2 5 7 - 0 .0 5 4 2 .4 0 8 1.1
8 2 1 1 3 9 .0 2 7 3 8 .9 6 1 - 0 .0 6 6 2 .3 0 6 1.5
9 0 3 1 3 9 .1 8 9 3 9 .1 4 0 - 0 .0 4 9 2 .2 9 7 3 .0
10 2 2 0 4 0 .801 4 0 .7 5 1 - 0 .0 5 0 2 .2 1 0 4 .6
11 0 2 2 4 1 .0 5 0 4 0 .9 8 2 - 0 .0 6 8 2 .1 9 7 3 .8
12 1 3 1 4 2 .681 4 2 .6 2 1 - 0 .0 6 0 2 .1 1 7 1.5
13 2 2 1 44 .2 6 1 4 4 .2 2 5 - 0 .0 3 6 2 .0 4 5 1.2
14 1 2 2 4 4 .3 9 3 4 4 .3 8 7 - 0 .0 0 6 2 .0 3 9 1.0
15 0 4 0 47 .6 0 1 4 7 .5 4 1 - 0 .0 5 9 1 .909 6 7 .5
16 2 3 0 4 9 .0 7 3 4 9 .0 1 0 - 0 .0 6 3 1.855 1.7
17 2 1 2 4 9 .1 3 9 4 9 .1 0 0 - 0 .0 3 9 1.853 1.7
18 2 3 1 5 2 .0 8 3 5 2 .0 4 9 - 0 .0 3 4 1.755 0 .7
19 1 0 3 5 3 .8 9 3 5 3 .7 5 8 - 0 .1 3 5 1 .700 0 .6
20 3 1 1 5 4 .8 2 0 54 .821 0 .001 1.673 2 .5
21 1 1 3 5 5 .2 2 2 5 5 .1 8 9 - 0 .0 3 3 1 .662 0 .9
22 3 2 1 5 8 .9 8 0 5 8 .9 9 2 0 .011 1.565 5 .4
23 2 4 0 5 9 .1 0 0 5 9 .0 9 2 - 0 .0 0 8 1 .562 4 .3
24 0 4 2 5 9 .3 4 9 5 9 .3 4 3 - 0 .0 0 6 1 .556 6 .7
25 0 5 1 6 3 .2 1 9 6 3 .2 5 6 0 .0 3 7 1 .470 0 .7
26 3 3 1 6 5 .5 4 9 6 5 .5 7 2 0 .0 2 3 1 .423 1.3
27 4 0 0 6 9 .1 5 8 6 9 .1 8 3 0 .0 2 5 1 .357 3.1
28 2 4 2 6 9 .5 1 0 6 9 .5 2 0 0 .0 1 0 1.351 19.9
29 0 0 4 6 9 .8 5 7 6 9 .8 2 7 - 0 .0 3 0 1 .345 2 .9
30 4 0 1 71 .861 7 1 .6 7 3 - 0 .1 8 8 1.313 0 .5
31 3 1 3 7 5 .5 4 8 7 5 .6 0 8 0 .0 5 9 1 .258 0 .9
32 4 0 2 7 8 .8 9 0 7 8 .9 5 4 0 .0 6 4 1 .212 1.7
33 1 6 1 79 .161 7 9 .2 1 5 0 .0 5 5 1 .209 5 .0
34 2 0 4 7 9 .4 4 5 7 9 .4 1 5 - 0 .0 3 0 1 .205 1.3
35 3 5 1 8 5 .0 0 8 8 4 .9 3 0 - 0 .0 7 8 1 .140 0 .7
36 1 5 3 8 5 .2 0 6 8 5 .2 3 3 0 .0 2 7 1 .138 0 .8
37 4 4 0 8 8 .0 9 2 8 8 .2 6 9 0 .1 7 8 1 .108 0 .8
38 0 4 4 8 8 .8 2 9 8 8 .8 7 2 0 .0 4 3 1.101 1.2
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Figure 7-4 The (a) refined, (b) reduced unit cell dimensions of the orthorhombic Pnma, 
Cai..vSmZv/3Ti03 (x = 0 - 0.6) samples sintered at 1450 °C for 3 hours as a function of
composition x.
The refined unit cell dimensions, as well as the reduced unit cell dimensions 
cW2, b/2 and c/V2, of the synthesised Cai^Sm^/sTiCb (CST, x = 0.1 to 0.6) samples 
are shown plotted in Figure 7-4a and b as a function of composition x. Note that the 
refined b and c axis dimensions increase systematically with composition x  while the 
a axis dimension systematically decreases until the a and c axis dimensions cross 
over close to x = 0.6 (see Figure 7-4a). Note also that there is a clear trend towards 
tetragonal, if not cubic, metric symmetry as the Sm3+ content increases (see Figure 
7-4b). There is also a small but systematic gradual decrease of the unit cell volume 
with x, presumably a result of the slightly smaller ionic radii of Snr (1.24 Ä, [122]) 
relative to that of Ca2 (1.34 Ä, [122]). This slightly smaller ionic radii of the Sm3
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ion relative to the Ca2 ion suggests that the magnitude of the octahedral rotation 
around the resultant a and b axes (see Figure 1-3 above) should if anything increase 
slightly rather than reduce upon increasing Snr content i.e. the observed trend 
towards cubic metric symmetry on increasing Sm3 content cannot be attributed to a 
reduction in the magnitude of the a b +a octahedral rotations around the resultant a 
and b axes (see e.g. Figure 1-3 above) on increasing Snr content.
Figure 7-5 Expanded view of the (a) 220/022 and (b) 240/042 doublet regions in XRPD 
patterns of the CST samples sintered at 1450 °C for 3 hours as a function of composition 
((a) x = 0.1, (b) x = 0.2, (c) x = 0.3, (d) x = 0.4, (e) x = 0.5, (f) x = 0.6), showing the clear 
tendency for merging of the two peaks in the doublets into a single peak as x increases.
Figure 7-5 above shows an expanded view of the profiles of the (220), (022) 
and (240), (042) peak doublets in the powder XRD patterns of CST samples (r = 0.1 
- 0.6) sintered at 1450 °C for 3 hours. The tendency of the two initially split peaks to 
merge into a single peak as the amount of Sm3 substitution increases is clearly 
apparent as is the systematic shift toward higher 26 angle of the diffraction peaks, 
and hence the systematic reduction in unit cell volume, with increasing Sm1 content. 
The merging of the initially split diffraction peaks indicates that the metric symmetry 
of the underlying perovskite parent structure tends towards cubic as x increases.
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7.3.4 Electron Diffraction
Single domain electron diffraction patterns (EDP's) of the CST samples (see 
e.g. Figure 7-6 and Figure 7-7 below) were as expected and entirely consistent with a 
Puma, V2ap x 2ap x V2ap (a = ap - cp, b = 2bp, c = ap + cp; a* = V2 [1,0,-1]P*, b* = 
V2 [010]p*, c* = V2 [101 ]p*, subscript p for parent perovskite sub-structure) average 
crystal structure except for the presence of weak diffuse blobs of intensity (diffuse 
‘satellite reflections’) at the G ± V2 [ 100]p* and G ± V2 [001 ]p* regions of reciprocal 
space (arrowed in Figure 7-6c, d, e and f) which became more and more apparent as 
the Sm3 content increases (c f e.g. Figure 7-6 with Figure 7-7). Note that the n and a 
glide extinction conditions characteristic of Puma space group symmetry, F(0£/) = 0 
unless k+l even and F(hkO) = 0 unless h+k even, are clearly obeyed (see e.g. Figure 
7-6a and b).
Figure 7-6, for example, shows typical (a) [100], (b) [001], (c) [010], 
(d) < -1,0,1 >, (e) < 1, 1 1  > and (f) <0,-l,6> zone axis EDP's o f the x = 0.6, 
Cao.4Smo.4Ti03, sample indexed both with respect to the parent perovskite 
sub-structure (labelled with the subscript p) as well as with respect to the resultant 
Puma, V2ap x 2ap x V2ap crystal structure. Figure 7-7 shows (a) [-1,0,1] and (b) [010] 
zone axis EDP's of the x = 0.2, Cao.sSmo 133T1O3, sample again indexed both with 
respect to the parent perovskite sub-structure (labelled with the subscript p) as well 
as with respect to the resultant Puma, V2ap x 2ap x V2ap crystal structure.
Note that the G ± V2 <111>P* superlattice reflections associated with 
octahedral rotation around a (see e.g. the reflection labelled 011 in Figure 7-6a; see 
also Figure l-3a above), the G ±  V2 [101 ]p* superlattice reflections associated with 
octahedral rotation around b (see e.g. the reflection labelled 001 in Figure 7-6a and
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Figure 7-6 Typical (a) [100], (b) [001], (c) [010], (d) <-1,0,1>, (e) <1,1,-1> and (f) <0,-1,6> 
zone axis EDP's of the x = 0.6, Ca0.4Smo.4Ti03, sample indexed both with respect to the 
parent perovskite sub-structure (labelled with the subscript p) as well as with respect to 
the resultant Pnma, V2ap x 2ap x V2ap crystal structure.
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Figure 7-7 shows typical (a) [-1,0,1] and (b) [010] zone axis EDP's characteristic of the
Ca0.8oSmo.133Ti0 3 (x = 0.2) sample.
Figure 7-7b; see also Figure 1 -3b above) as well as the G ±  V2 [010]p* superlattice 
reflections associated with correlated Ca, and Sm, displacements along a (see e.g. the 
reflection labelled 010 in Figure 7-6d and Figure 7-7a; see also Figure 1 -3b above) 
remain quite sharp right across the solid solution field by contrast with the diffuse 
‘satellite reflections’ at the G ± V2 [100]p* and G ± V2 [001 ]p* positions of reciprocal 
space (arrowed in Figure 7-6). This would seem to rule out the possibility of 
superlattice twinning being responsible for the existence of these weak diffuse 
“satellite reflections” and suggests that the real space modulation/s responsible for 
these weak diffuse satellite reflections must have some other structural origin such 
as, for example, Ca27Sm3 /□ ordering in the average perovskite A site and 
associated structural relaxation.
The diffuse character of these G ± V2 [100]p* and G ±  V2 [001 ]p* ‘satellite 
reflections’ furthermore suggests that any such ordering can only be short range 
ordered, on something like a 5-10 nm or so scale (note that this is only an estimate) 
and considerably shorter than the scale associated with the essentially long range 
ordered Pnma average structure (see e.g. Figure 1-3 above). High-resolution 
transmission electron microscopy (HRTEM) lattice images were therefore sought 
and obtained (courtesy of Dr. John Barry and the Electron Microscope Unit of the 
University of Queensland) in order to see if any further information could be 
obtained as to the structural origin of the weak diffuse “satellite reflections” (see e.g.
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the [-1,1,1] zone axis HRTEM image of the Cao^Smo/TiCE sample shown in Figure 
7-8 below).
Figure 7-8 HRTEM image down the [-1,1/1] zone axis of a Ca0.4Smo.4Ti03 (x = 0.6, sintered 
at 1450 °C for 3 hours) crystal (HRTEM image courtesy of Dr. John C Barry). The
corresponding EDP is inset.
Figure 7-8 shows a HRTEM image taken down the [-1,1,1] zone axis of a 
Cao.4Smo.4Ti0 3  (x = 0.6, sintered at 1450 °C for 3 hours) sample. The corresponding 
EDP (from a rather larger area) is shown inset (c f  e.g. with Figure 7-6e). Note that 
[101]* = [100]p* and that there are rather weak diffuse blobs at the G ±  V2 [ 100]p* 
positions of reciprocal space (one of which is arrowed in the inset EDP). The real 
space reason for this can be seen on the very thin crystal edge in the HREM image 
i.e. a locally doubled periodicity with alternating dark and light fringes (arrowed) 
tentatively associated with Sm3+/n vacancy rich /4-type (100)p layers alternating with 
Ca rich A type layers. Such layered ordering is characteristic of other zl-site 
deficient and/or doped perovskites (see e.g. Zhou et al., 2008 [123] and references 
contained therein). It is difficult to go further, however, without much more detailed 
HRTEM work including image matching, well beyond the scope of this thesis. Why 
this layered ordering should only have short range order, however, is not 
immediately apparent.
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7.3.5 Local Crystal Chemistry
In order to attempt to obtain additional insight into the local crystal chemistry 
and hence the structural origin of the diffuse “satellite reflections”, the bond valence 
sum based program SpuDS [124] was used in order to predict (give a reasonable idea 
of) the crystal structure of the Cai,vSm2jc/3Ti0 3  samples as a function of composition, 
x. SpuDS [124] was developed to predict the crystal structures of perovskites such as 
CST. It calculates the optimal structure in ten different Glazer tilt systems [124] 
(including the relevant ab  a tilt system operable in CST, see e.g. Figure 1-3) by 
minimization of the so-called Global instability Index. For further details on how the 
program works and the assumptions it makes, see [125].
Table 7-2 SPuDS [124] predicted orthorhombic Pnma unit cell dimensions and 
corresponding octahedral tilt angles of Cai.xSm2x/3Ti03 at x = 0, 0.1, 0.3 and 0.6.
X 0 0.1 0.3 0.6
C om position C a T i0 3 Ca0.9Sm0.067 T i 0 3 Cao.7Smo.2TiO;} C a0.4Sm0.4TiO3
T ilt angle 14.60° 14.77° 15.13° 15.59°
L attice param eters
a  (Ä ) 5 .4 9 8 7 5 .4 9 7 4 5 .4 9 4 4 5 .4 9 0 6
* ( A ) 7.6881 7 .6 8 4 0 7 .6753 7 .6 6 3 7
e ( A ) 5 .3 7 8 4 5 .3743 5 .3653 5 .3 5 3 4
Table 7-2 above shows the SpuDS [124] predicted octahedral tilt angles, 
fractional co-ordinates and unit cell dimensions for the x = 0, 0.1, 0.3 and 0.6 
samples while Table 7-3 shows the corresponding predicted fractional co-ordinates 
and Table 7-4 shows the bond valence sums, or Apparent Valences (AV's), 
calculated by SPuDS for each of the constituent cations and anions for comparison 
with the nominally ideal valences. Note that the tilt angle listed in Table 7-2 refers to 
the magnitude of the octahedral tilt around the resultant b direction (see Figure 1 -3b) 
while the predicted tilt angle around the resultant a (or [1,-1,0]p) direction (see 
Figure 1 -3a) is V2 times this angle. As expected, note that the octahedral tilt angles 
are predicted to slightly increase, rather than decrease, with increasing Sm3 content.
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Figure 7-9 shows the SpuDS predicted variation in the Pnma unit cell 
dimensions as a function of composition, x, for comparison with the experimentally 
refined values shown in Figure 7-4a.
7.690
5.48
7.680
7.670
7.660
x
Figure 7-9 The SPUDS [124] predicted of the orthorhombic Pnma, Cai.xSm2x/BTi03 (x = 0 - 
0.6) samples sintered at 1450 °C for 3 hours as a function of composition x.
While the AV's in Table 7-4 below are quite reliable for the cations 
(assuming the SPuDS predicted structures), the AV's calculated for the oxygen 
anions are somewhat misleading in that they are calculated under the assumption that 
each oxygen anion is surrounded by 2 Ti cations and 4 times the average number of 
A site cations i.e. (4-4x) Ca ions, 8r/3 Sm cations and AxIt, vacancies. (Each oxygen 
anion has 4 nearest neighbour A sites lying on a particular {001 }p plane, see e.g. 
Figure 1-3). SPuDS averages the bond valence parameters [125] used to calculate the 
AV's accordingly. On a local scale, however, each A site ion can only be either a Ca 
ion, a Sm ion or a vacancy. It is thus necessary to re-calculate the oxygen AV's as a 
function of the local A site co-ordination. When this is done for the x = 0.3 sample, 
for example, (see Table 7-5 and Table 7-6 below) it becomes apparent that both 
oxygen ions are quite happily bonded if co-ordinated by 2 Ti ions and 4 Ca ions but 
significantly over-bonded (by ~ 0.3 valence units, vu's) if surrounded by 2 Ti ions 
and 4 Sm ions.
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Table 7-3 The SPuDS predicted fractional coordinates of the orthorhombic Pnma, 
structures of Ca1.xSm2x/3Ti03 at x = 0, 0.1, 0.3 and 0.6.
A tom Site X O ccu p an cy X y z
Ca 4c 0.0 1 0.5344 0.25 0.5108
0.1 0.90 0.5354 0.25 0.5112
0.3 0.7 0.5373 0.25 0.5119
0.6 0.4 0.5399 0.25 0.5129
Sm 4c 0.0 0
0.1 0.07 0.5354 0.25 0.5112
0.3 0.2 0.5373 0.25 0.5119
0.6 0.4 0.5399 0.25 0.5129
Ti 4b 0.0 1 0.5 0 0
0.1 1 0.5 0 0
0.3 1 0.5 0 0
0.6 1 0.5 0 0
O l 4c 0.0 -0.0108 0.25 0.4248
0.1 -0.0111 0.25 0.4239
0.3 -0.0116 0.25 0.4219
0.6 -0.0123 0.25 0.4195
0 2 8d 0.0 0.286 0.0376 0.7124
0.1 0.2864 0.0381 0.7119
0.3 0.2872 0.039 0.711
0.6 0.2883 0.0403 0.7097
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Table 7-4 The SPuDS calculated bond valence sums (Al/'s) of CST’s at x = 0, 0.1, 0.3 and 0.6.
J t 0 0.1 0.3 0.6
Form ula C aT i03 Ca0.9oSm0.o67Ti03 Cao.7oSm0.2oTi03 Cao.4oSmo.4oTi03
Atom  (site) A A V e a , A V c a , A V c a , A V ca ,
Ca(4c) 2 1.9998 2.0172 2.055 2.1051
Sm (4c) 3 2.7976 2.85 2.9195
Ti(4b) 4 4 4 4 4
0 (4 c ) 2 2.0038 2.0082 2.0084 2.0089
0 (8 d ) 2 1.998 2.0016 2.0001 2.0005
Table 7-5 AV contributions to the 0[4c] oxygen anion from the 4 surrounding A cations 
using the SpuDS predicted Ca0.7Smo.2Ti0 3  structure.
d (0 \4 c \-A ) AV (if C a2+) AV (if  Sm 3+)
2.343 Ä 0.362 0.502
2.5251 0.221 0.307
3.050 0.054 0.074
3.054 0.053 0.073
A V { 0 (4 c )[^ 4Ti2]} 2.023 2.290
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The quickest way to reduce this significant over-bonding is to remove the 
contribution of one or other of the locally closest SnT ions by the introduction of a 
vacancy i.e. the local crystal chemistry suggests that the Sm3 ions and the vacancies 
will tend to cluster together into {001 }p type layers i.e. oxygen ions that are bonded 
to Sm3 ions will tend to be over-bonded and hence also prefer one or more oxygen 
vacancies whereas the Ca2 ions will prefer their own company and thus cluster 
together into alternate {001 }p layers. The easiest way to achieve this is to attempt to 
order the Ca’s and Sm/vacancies into Ca-rich and Sm/vacancy rich {001 }p layers. 
The above discussion is by no means conclusive but it is felt does provide some 
crystal chemical justification for the short range ordering observed experimentally. 
The effect of such short compositional ordering on the measured dielectric properties 
is now discussed.
Table 7-6 AV contributions to the 0[8c/] oxygen anion from the 4 surrounding A cations
using the SpuDS predicted Ca0.7Smo.2Ti03 structure.
d(0\8d\-A) AV (if Ca2+) AV (if Sm3+)
2.3774 Ä 0.330 0.457
2.5920
0.185 0.256
2.6982 0.139 0.192
3.2719 0.029 0.041
AV{0(4c)[zf4Ti2]} 1.987 2.280
7.3.6 Dielectric Properties
7.3.6.1 Effect of Sm3+ Substitution
Figure 7-10 below shows a plot of the frequency dependence (from 1 kHz up 
to 1 MHz, on a logarithmic horizontal scale) of the measured dielectric constants and 
dielectric losses of the CST (x = 0.1-0.6) samples sintered at 1450 °C for 3 hours. 
Both were largely frequency independent over the measured frequency range. The 
dielectric constants, however, vary significantly with composition at all frequencies. 
Figure 7-11, for example, shows a plot of the room temperature variation in 
dielectric constant and dielectric loss at an applied frequency of 1 MHz as a function
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of composition, x. Given that the relative densities of the CST samples were all quite 
high and very similar, it is clear that the measured behaviour shown in Figure 7-11 is 
not strongly affected by the relative densities of the samples but rather reflects the 
intrinsic composition dependence of the dielectric properties of CST.
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Figure 7-10 Frequency dependence of the room tem perature dielectric properties of the  
Cai.xSm2x/3Ti03 (x = 0.1 - 0.6) samples (sintered at 1450 °C for 3 hours).
Figure 7-12 shows the temperature dependence of the dielectric constant and 
dielectric loss of the x = 0.3, CaojSmo^TiC^, sample sintered at 1450 °C for 3 hours. CST 
samples of different compositions behaved similarly to this sample. Note that the dielectric 
constant decreases significantly, systematically and essentially linearly with 
increasing temperature. The temperature coefficient of the dielectric constant (re) is 
thus pretty similar over the entire measured temperature range.
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Figure 7-11 Variation in the measured room temperature dielectric constant and 
dielectric loss at an applied frequency of 1 MHz as a function of composition x in the 
Cai.xSm2x/3Ti03 samples sintered at 1450 °C for 3 hours.
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Figure 7-12 Temperature dependence of the dielectric constant and dielectric loss of the 
Ca0.7 Sm0.2TiO3 sample sintered at 1450°C for 3 hours.
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Figure 7-13 below shows a plot of rE extracted from plots such as that shown 
in Figure 7-12 as a function of composition* in the CauvSir^TiCb samples sintered 
at 1450 °C for 3 hours. Note that the initially unacceptably high magnitude of 
magnitude for rE (of 1850 ppm/K) reduces very significantly and systematically with 
increasing Sm3 content. The initial increase of Sm3 composition to x = 0.1 lead to a 
reduction in magnitude of rE from 1850 ppm/K to 1010 ppm/K and it decreased 
further down to 234 ppm/K with the additional increase in * from 0.1 to 0.6. The 
initial substitution of Sm3 into CaTiCb thus has a very strong initial effect on rE 
which reduces as more Sm3 is added. Similar behaviour manner has also been 
reported for other solid-solution systems involving e.g. CaTiÜ3, SrTiC>3, LaAlC>3, 
NdA103 [106,183,184,185].
Reaney et al [175] have reported a close empirical relationship between the 
measured rE of complex ABO^ perovskite structures and the so-called Goldschmidt 
tolerance factor (t) [194]:
t = R.4
V2  (Rb + R0)
(7-1)
where R\ , Rb, and Ro are the respective ionic radii of the ^4-site ions, the 5-site ions 
and the oxygen ions. In order to test this relationship in the case of the CST system, 
the composition dependent RA was estimated by taking the average ionic radii to be 
given by (l-*)5ca + 2x/3 Rsm. Using the ionic radii listed in Shannon [122], Figure 
7-14 shows a plot of the measured rE versus the calculated tolerance factor. Clearly 
the lower the tolerance factor the smaller the magnitude of rE, in agreement with 
Reaney et al. [175]. As the tolerance factor is usually directly related to the 
magnitude of octahedral tilting, the magnitude of rE also reduces with an increasing 
degree of oxygen octahedral tilting.
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Figure 7-13 Shows the variation of the measured rE as function of composition, x, for 
Cai.xSm2x/3Ti03 samples sintered at 1450°C for 3 hours (the dashed line shows a linear fit
to the data).
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Figure 7-14 Variation of rE as function of tolerance factor of Cai.xSm2x/3Ti03 samples 
sintered at 1450°C for 3 hours (dashed line denotes a linear fit).
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7.3.6.2 Effect of Final Sintering Temperature on Dielectric Properties
This final section briefly discusses the effect of the final sintering 
temperature on the relative densities and measured dielectric properties of the CST 
ceramics. Table 7-7, for example, lists the relative densities and dielectric properties 
of the x = 0.3, Cao.7Smo.2Ti0 3 , ceramics sintered for 3 hours as a function of the final 
resultant sintering temperature. Similar behaviour occurred for all compositions. The 
dielectric constant increased slightly from 110 to 121 while the dielectric loss 
dropped slightly as the final resultant sintering temperature rose from 1350 to 
1450 °C, presumably a result of the increase in relative density from 92 to 95 %. It is 
important therefore to sinter at as high a temperature as possible in order to obtain as 
dense a resultant ceramic pellet as possible. On further increase in sintering 
temperature above 1450°C, however, the dielectric constant decreased while the 
dielectric loss increased. This worsening of the dielectric properties is most likely 
due to the onset of the partial reduction of Ti4 to Ti3 and associated oxygen 
vacancy formation. Such behaviour during high temperature sintering is known to 
lead to increased dielectric loss and reduced dielectric constants [187-189]. Similar 
behaviour was also caused by sintering in a reducing atmosphere and also leads to 
worse dielectric behaviour. In the case of the CST system, it seems that a final 
sintering temperature of 1450 °C is as high a final sintering temperature as is 
realistically possible.
Table 7-7 Dielectric properties and densities of Ca0.7Smo.2Ti03 ceramics sintered at 
different final sintering temperatures for 3 hours.
Sintering Dielectric properties (1 MHz)
temperature (°C)
Relative density (%)
£ D T t
1350 92 110 0.00087 -557
1400 94 116 0.00083 -572
1450 95 121 0.00068 -598
1500 95 108 0.001 -555
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Chapter 8: 
Summary and 
Conclusions
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Conclusions
In this thesis, the synthesis, structural characterisation and dielectric 
properties of several ‘misplaced displacive’, Bi-based pyrochlore systems, one 
analogous, non-Bi-based pyrochlore system and one perovskite related 
electroceramic system have been carefully investigated along with the relationship 
between chemical bonding, local crystal structure, and dielectric properties 
(permittivity, dielectric loss, temperature coefficient of resonant frequency, electric 
field tunability etc.).
Two ‘misplaced displacive’, Bi-based cubic pyrochlore phases found in the 
B^CV^'O-M ^Os (M  = Mg2 and Ni2+) systems, namely 
(Bi1.667Mgo.22D 0.1 i)(Mgo.48Nb 1.52)07 (BMN) and (Bi1.667Nio.25D o.osXNio.soNb 1.5)07 
(BNN), were successfully synthesised and their average and local crystal structures 
as well as their dielectric properties carefully investigated. Rietveld average structure 
analyses of both samples show that the B2Oe octahedral sub-structure is fully 
occupied and essentially well-ordered. The OA2 tetrahedral sub-structure, on the 
other hand, was shown to be heavily displacively disordered with the A 'site' only 
partially occupied. Electron diffraction evidence in the form of transverse polarised, 
G ± { 110}* 'sheets' of structured diffuse intensity suggests that the displacive 
disorder arises from essentially independent y^-cristobalite like tetrahedral edge 
rotation and associated (inherently polar) rigid body translation of the OA2 
sub-structure relative to the essentially rigid ^ 0 6  octahedral sub-structure. 
Displacive disorder of this type provides a mechanism for understanding the 
structural origin of dipoles in such materials. Bond valence sum calculations provide 
a crystal chemical justification for the observed behaviour although the presence of 
vacancies on the A site considerably complicates such considerations. The measured 
room temperature dielectric constants of both samples were quite high while the 
associated dielectric losses were low. Anomalous low temperature dielectric 
relaxation behaviour was observed in both cases.
In the case of the Bi203-Aflll203-Nb205 (M= In and Sc) systems (see Chapter 
5), stoichiometric Bi-based cubic pyrochlores BflnNbCb (BIN) and Bi2ScNbC>7 
(BSN) were successfully synthesised and their ideal composition confirmed.
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Electron diffraction again provided clear evidence for /Ecristobalite like tetrahedral 
edge rotation and associated (inherently polar) rigid body translation of the 0'^2 
sub-structure. Essentially identical structured diffuse scattering has also been 
reported in the close to A site stoichiometric BERa^ C ^  [74] and
(Bii.89Feo.n)(Fei.o5Nbo.95)06.95 (BFN) [25] pyrochlores. The measured room 
temperature dielectric constants of both samples were again quite high (~ 120 for 
BIN and > 200 for BSN). The room temperature dielectric losses (or imaginary 
permittivities), however, were not as low as for BNN and BMN at the same 
frequency as a result of the higher temperature of the low temperature dielectric 
relaxation again observed in the BIN and BSN samples. This shows that 
compositional disorder on the pyrochlore A site is not essential for the low 
temperature dielectric relaxation characteristic of most Bi-based pyrochlores. Low 
temperature electron diffraction well below the peak in the imaginary permittivities 
showed the same structured diffuse scattering as at room temperature suggesting that 
the “diffuse phase transition” is not a paraelectric to ferroelectric transition but rather 
some sort of dynamic to static glass-like transition.
In Chapter 6, an analogous non-Bi-based, cubic pyrochlore of composition 
(Cai.5Nbo.5o)(Nbo.52Ti 1.48)07 (CNT) was synthesised and its dielectric properties and 
crystal chemistry investigated. The same low temperature dielectric relaxation 
behaviour was again observed showing that the presence of presence of BE with its 
lone electron pair on the pyrochlore A site is not necessary for such behaviour to be 
observed. Bond valence sum calculations show that Ca on the pyrochlore A site is 
significantly over-bonded and thus would not be expected to move off-centre by 
contrast with Bi-based pyrochlore phases. The minority Ti ion on the pyrochlore A 
site, however, is massively under-bonded. This suggests that the O' ions in the local 
O'CaaTi tetrahedra would want to move away from the Ca ions and towards the Ti 
ions. No evidence for this, however, could be found in the form of structured diffuse 
scattering.
In Chapter 7, as an extension of this study and in partnership with an industry 
collaborator, the synthesis as well as the relationship between local crystal structure, 
microstructure and dielectric properties of a promising dielectric ceramic system, 
namely Cai.*Sm2*/3Ti03 (CST, 0 <x < ~ 0.6) was investigated. CST samples sintered
137
Synthesis, Structural & Dielectric Properties of some Metal Oxides Ceramics
at 1450 °C for 3 hours in air and oxygen were all found to be single phase for 
compositions from x = 0.1 to x = 0.6 and quite similar to those reported for the end- 
member compound, CaTiC^. Powder XRD as well as electron diffraction patterns 
(EDPs) of CST samples were entirely consistent with a Pnma, V2ap x 2ap x V2ap 
(subscript p for parent perovskite sub-structure) average crystal structure. The 
refined b and c axis dimensions increased systematically with composition x while 
the a axis dimension systematically decreased until the a and c axis dimensions 
crossed over close to x = 0.6. EDPs and HRTEM image analyses suggest short range 
Ca and Sm ordering in the CST samples which became more and more obvious on 
increasing Sm content. The dielectric properties of the CST samples varied 
significantly with Sm content, in particular the temperature coefficient of the 
dielectric constant, re, is tuneable by Sm-doping.
In conclusion, local structural ‘disorder’, of both compositional and/or coupled 
displacive origin, plays a significant role in tuning or modifying the dielectric 
properties of the dielectric materials investigated in this thesis.
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